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Abstract 
The impact of chemical composition on the mechanical and physical properties 
of Laponite® crosslinked pNIPAM hydrogels was investigated, and the 
implications of these changes on cell viability and behaviour were explored. A 
range of crosslink density was used, and two different hydrophilic comonomers 
(HEMA and HPMA) were incorporated into the reaction mixture at different 
ratios. Additionally, water dispersed hydroxyapatite nanoparticles (HAPna) was 
added to the hydrogel at a concentration of 0.5mg/ml, to promote osteogenic 
differentiation of hMSCs. Different compositions of novel pNIPAM based 
Laponite® hydrogels, were synthesised and characterised through this thesis.   
Structural properties of the hydrogels were studied using SEM, and the 
influence of chemical composition on pore size was elucidated. The implications 
of structural changes on a host of properties including mechanical robustness 
and other physical behaviour such as swelling and deswelling ratios were 
observed. The physical water state, water diffusivity and water/polymer 
interactions within the hydrogels were explored by monitoring dehydration and 
rehydration behaviour, using ATR-FTIR. Cell viability within a range of chemical 
compositions of the hydrogels, was performed using Alamar blue assay, and 
histological and immunohistochemistry investigations were used to evaluate 
type of matrix deposition within the hydrogels. 
Crosslink density was found to be a crucial factor to control, where changes in 
crosslink density influenced physical and mechanical properties of the 
hydrogels. Our findings showed increased crosslink density, lead to stiffer 
hydrogels as a result of a smaller pore size.  Smaller pore size was also found 
to retard dehydration and rehydration rates. Furthermore, the free water fraction 
was reduced due to a decrease in pore size when crosslink density increased. 
In addition, cell viability varied as a result of using different crosslink density. 
Incorporation of HEMA as a comonomer increased the pore size of Laponite® 
crosslinked pNIPAM hydrogels and hydrogel stiffness was reduced. The 
hydrophilicity of the hydrogel was increased when HEMA was added, and 
accordingly the dehydration rate decreased and rehydration rate increased, as 
the HEMA ratio was increased in systematic manner. Toxicity to hMSCs was 
observed needing further investigation to fully understand the mechanism. 
Adding HPMA increased median pore size and decreased the mechanical 
stiffness of L-pNIPAM-co-HPMA hydrogels. The influence of HPMA on the 
hydrophilicity of the hydrogel was explored using water contact angle 
measurements. Dehydration and rehydration observations showed the influence 
of conflicting factors, including pore size, surface area of hydrogel droplet and 
hydrophilicity to affect dehydration and rehydration rates. L-pNIPAM90-co-
HPMA10 (1) showed a significant increase (P<0.05) in cell viability of hMSCs 
when compared to L-pNIPAM (1). In addition, matrix deposition resembling that 
of cells undergoing osteogenic differentiation was promoted within L-pNIPAM90-
co-HPMA10 (1). 
When HAPna was added to L-pNIPAM90-co-HPMA10 (1) the mechanical 
properties were enhanced, the pore size was reduced and further increases of 
matrix deposition resembling that of cells undergoing osteogenic differentiation 
were observed. 
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1.1 Polymers  
Polymers are high molecular weight long sequences of molecules joined 
together, the way the molecules repeat in different ways depends on the 
polymer type. The simple molecules are referred to as monomers that are 
generally liquids or gases and during the polymerisation reaction convert to 
crystalline or amorphous solids(1). In some polymers, only one monomer type is 
used as the repeating units, others might be consisting of several different 
monomers. Polymers might be synthetic or could be found in nature; natural 
polymers include silk, wool and rubber. In addition there are many natural 
polymers in the living tissues in human, plants and animals, including proteins, 
glycogen and cellulose. Synthetic polymers such as: Nylon, polyester, 
polyurethane and acrylics. Synthetic polymers have a broad range of 
applications due to their variety in their physical properties and behaviour(2).   
 
1.2 Polymer classification 
Polymers can be classified in many different ways; they can be natural or 
synthetic, classified based on their structure, based on the polymerisation 
reaction from which they were produced or based on the source of the 




Figure 1.1: Classification of polymeric materials 
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1.2.1 Classification based on source 
Natural polymers are the polymers found in nature in animals and plants; typical 
examples of this include proteins and natural rubber. There are some synthetic 
polymers that utilise natural sources such as cellulose triacetate and cellulose 
nitrate which are obtained from natural polymers by subjecting them to some 
form of chemical processing to produce different materials. These types of 
polymers are known as semi-synthetic polymers. The final classification of 
polymers based on the source are synthetic polymers, which are produced by 
different polymerisation reactions of synthetic monomers(3,4). Common 
examples of synthetic polymers include commodity polymers such as Nylon, 
poly (methyl methacrylate) and polyesters. 
 
1.2.2 Classification based on polymer structure 
Polymer classification based on structure has sub-divisions of linear, branched 
or crosslinked polymers (Figure 1.2 a, b and c).  






Figure 1.2: a) Linear, b) branched and c) cross linked polymers 
 
Within these three different structures, it is possible to have polymers that are 
based on a single monomeric unit  or homopolymer and more than one 
monomeric unit or copolymer(s) (3,5,6). In the case where there is more than 
one monomer type, the arrangement of the monomers in the polymeric chains 
can also be different and might be one of the following sub-classifications:                            
1) Alternating copolymer: where the monomer units arranged in an alternating 
system(5).            
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Figure 1.3: Alternating copolymer 
 
2) Block copolymer: where the monomer units arranged in blocks (5).  
 
 
Figure 1.4: Block copolymer 
  




        Figure 1.5: Random copolymer 
 
1.2.3 Classification of polymers based on molecular forces 
Depending on the forces between the polymeric chains, polymers can be 
classified into the following categories: 
 
1.2.3.1 Elastomers 
In this type of polymer, the polymeric chains are held together by relatively 
weak intermolecular forces, resulting in a stretchable polymer with elastic 
behaviour due to few crosslinks between the chains. These crosslinks allow the 
 5    
 
polymer to retract to its original shape when forces are released. Examples of 
elastomeric polymers: natural rubber and synthetic poly isoprene(4,6). 
 
1.2.3.2 Fibres 
Fibres are solid polymeric materials consisting of threats, these polymers retain 
a high tensile strength and modulus; due to strong intermolecular forces for 
example hydrogen bonding. Cellulose is the best example for natural fibre 
polymer. In addition Nylon 6, 6 and polyesters are examples of synthetic fibre 
polymers that used widely in industry.  
 
1.2.3.3 Thermoplastic polymers 
Thermoplastic polymers can be softened by heating and hardened by cooling; 
therefore they have the possibility to be recycled and used multiple times. The 
polymeric chains in these polymers would be either in linear or branched 
structures(4,6). Typical examples of these polymers include polythene and PVC. 
 
1.2.3.4 Thermosetting polymers 
Thermosetting polymers can only be shaped once by heating; if they are heated 
again, they will not soften because the polymeric chains have become 
interlinked. These polymers are crosslinked or heavily branched molecules(4,6). 
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1.2.4 Classification of polymers based on polymerisation reactions 
Polymers can be divided into two groups, based on the type of polymerisation 
reaction as follows:  
1.2.4.1 Polymers formed via condensation reactions 
In this type of polymer two different moieties are added together and a small 
molecule is produced as a side product such as water or ethanol. Polyesters 
and polyamides are examples of condensed polymers(4,6). 
1.2.4.2 Polymers formed via addition reactions 
These polymers are formed by joining monomeric units to make long chains, 
typically adding across a carbon carbon double bond. Addition polymers formed 
using one monomeric type is known as homopolymer, a polymer that is formed 
by joining different types of monomers is referred to as a copolymer(4,6). 
 
1.3 Mechanism of Addition Polymerisation 
There are numerous mechanisms that describe polymerisation reactions, 
including chain-growth (addition polymerisation) and step-growth (condensation 
polymerisation). The polymers used in this thesis were all manufactured using 
free radical addition polymerisation, so this section will only describe this 
reaction mechanism(2). 
In chain-growth polymerisation the reaction occurs by successive addition of 
monomer molecules to the reactive end (e.g. a radical end) of a propagating 
polymer chain. The added units could be the same or different monomers. The 
monomers normally employed in this type of polymerisation contain carbon-
carbon double bonds that can participate in a chain reaction. The addition 
reaction consists of three stages; initiation, propagation and termination and will 
be discussed(2). 
Initiation: initiation occurs when an initiator (I), a compound with an easily 
broken covalent bond (by light energy or heat), fragments to form radicals (I٭) 
that can induce a radical chain reaction.  
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Propagation: is the rapid chemical reaction of monomer molecule with another 
monomer, and the subsequent repetition to elongate the repeating chain of the 
polymer. 
Termination: This step occurs when a free radical reacts in a way that avoids 
further propagation. The most common procedure of termination is by coupling, 
where two radicals react together forming a single molecule(4). 
 
 
Figure 1.6: Illustration of the three stages of 'free radical' polymerisation   
   
In polymeric chemistry, precipitation polymerization is a heterogeneous 
polymerization process which starts as a homogeneous system, where the 
monomer and initiator are totally soluble. However during propagation at some 
point the produced polymer becomes insoluble and therefore precipitates(3) 
1.4 Poly (N-isopropyl) acrylamide (PNIPAM) 
Poly (N-Isopropylacrylamide) was first synthesised in 1956(7–9) and, the first  
study on its phase diagram was published in 1968 by Heskins and Guillet(10).   
Subsequently, poly (N-Isopropylacrylamide) (pNIPAM) has been extensively 
studied by researchers as it is a  thermoresponsive polymer with conformational 
transitions occurring close to the body temperature(11–13). The investigation of 
lower critical solution temperature (LCST) for free pNIPAM dates back to 1967, 
when Scarpa et al, have presented a study describing a precipitation and 
resolving of pNIPAM from the solution as an "inverse temperature coefficient of 
solubility"(14). 
 8    
 
A thermally responsive polymer is one that undergoes changes in solubility at a 
specific temperature known as the critical solution temperature(12,15). The 
lower critical solution temperature (LCST) is defined as the temperature at 
which coil-to-globule conversion of the polymer network happens as a result of 
sufficient disruption of hydrogen bonding between the amide groups and the 
water molecules, creating hydrophobic interactions to be formed between the 
non-polar domains of the system(16,17). Polymers can be also responsive to a 
change in pH(18,19). Aqueous pNIPAM solutions become opaque and insoluble 
in water if heated above the LCST which is between 30°C (20) and 35°C (21). 
This a reversible transition, because if the turbid suspension is cooled down, it 
will fully recover its optical clarity.  
Over the last two decades, pNIPAM based hydrogels have been of special 
interest to researchers due to their precise and modifiable stimuli-responsive 
properties and large numbers of studies have been conducted on different 
applications such as absorbed on surfaces(5), microgels (23,24) and 
coatings(22). Other potential uses of pNIPAM have been investigated in many 
fields including biology(25–27), physics(28–30) and medicine(31–33). In Figure 












Figure 1.7: 2D structure of N-isopropyl acrylamide (NIPAM) with functional 
group indicated 
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1.5 Clays 
Clays are naturally existing material composed primarily of fine-grained 
minerals, which become plastic when wet and harden if dried or fired(34), the 
grain size of clays is ranging from a few µm to hundreds of a µm. There are 
many clay types including common ones such as mica, chlorite and smectite, 
they mostly consist of SiO4, Al, Mg and Si; arranged in layered structures. 
The use of clays dates back to 7800 years BC, when Greeks and Romans built 
their houses using clay due to the low cost of these materials(35). Since then, 
the use of clays has escalated and they are used in varied application such as 
oil drilling, construction, sealants and cosmetics (35,36). In addition, clays are 
used in water purification, due to their ability to remove heavy metallic ions from 
waste water(35,37,38). 
 
Each clay type has different range of properties; therefore they could be used in 
different applications. In health and medical applications clays have been used 
in curing and therapeutic purposes since prehistoric periods(39–41). 
Furthermore, Clays are used nowadays as anti-diuretics (42). In the 
pharmaceutical industry clays have being used as flavour correctors, lubricants 
and as drug delivery vehicles(43). 
 
Clay structure consists of silica tetrahedral sheets and octahedral sheets; the 
principal atom in the tetrahedral sheets is the Si4+ cation, although this can be 
replaced by the Al3+ cation. Exchange Si4+ cation for Al3+ cation causes an 
imbalance of the charge, which must be counteracted in the clay layer structure 
by having positively-charged material (and H2O) between the layers(34). This 
region is called the "interlayer" space (Figure 8).  
 
Both sheets are fused by the sharing of oxygen atoms, and these fused sheets 
collectively create a clay layer. The layers form regular stacks, with a large 
interlayer area and a high aspect ratio. 
 




Figure 1.8: General structure of clays adapted from (44) 
 
The importance of the interactions between cations in solution and the interlayer 
spaces has been well understood since the last century(45,46), where in high 
humidity, clay swells and these spaces increase(47) (Figure 9). The magnitude 
of the increase in the interlayer space depends on the amount of water 
absorbed into clay's structure(46), and the swellability of the clay depends on 
the strength of the bonding between the cations and the clay layers.  
 
 
Figure 1.9: Increasing interlayer space by absorbing water 
 
When clay is used as a crosslinker in clay/polymer composites, the interlayer 
spaces are crucial for bonding polymer molecules. Over the last decade, it was 
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reported that swelling and mechanical behaviour of nanocomposite hydrogels 
consisting of exfoliated clay can be controlled by modifying their chemical 
compositions(48–50). These studies explored the effects of changing chemical 
compositions of Poly (N-Isopropylacrylamide) - based Laponite® Hydrogel on a 
range of different physical and mechanical properties. Where, increase clay 
concentration increase the stiffness of pNIPAM based Laponite® hydrogel and 
decrease both swelling ratio and transparency of the hydrogel.  
 
1.5.1 Laponite® 
Laponite® is synthetic clay, manufactured by Rockwood in Widnes, UK(51) and 
it incorporates Na, Mg and Li in its structure. Laponite® RD (used in this work) 
has a layered structure with platelets thickness of 0.92nm and ~25nm in 
diameter(52,53). This specific structure becomes beneficial when we 
incorporate Laponite® into the polymer matrix in an  exfoliated manner and 
polymer chains connect with layers of the clay(48).  Laponite® is one of the 
most common clays has being used as crosslinker with polymeric materials to 
produce composites for different purposes, most likely because it is cheap and 
easy to exfoliate in water as a suspension at room temperature(54).  
 
1.6 Composite materials 
Composites are composed of two or more individual components, which are 
combined to obtain the ideal properties of each component, resulting in better 
properties than those of the individual components used alone, to end up with 
unique behaviour and properties. The most accepted definition of composite 
material has been declared by Jartiz(55–57) “Composite is a multifunctional 
material system that provide characteristics not obtainable from any distinct 
material." The use of composites dates back to 2500 years ago, where the 
Egyptians have used straw and clay in composite combination to build their 
houses(58,59). The name of composites came from their matrix phase 
(ceramic-metal or polymer)(60).  
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1.6.1 Composites in biological systems 
Since 1980 when Bonfield et al. introduced the possibility of using composite 
materials in bone grafts(60,61). Consequently, composites have been used in 
many applications such as household appliances, aerospace and medical 
devices(62). A polymer composite is a composite material in which one of its 
components is polymer, to produce new material that is relatively cheap with 
unique properties for many engineering applications such as house goods, 
construction materials and medical instruments. 
Bone is a natural composite material consisting of a hard but brittle material 
called hydroxyapatite (inorganic component) and a soft and flexible material 
called collagen (organic component), this combination gives the bones the 
unique properties that are needed to support the body and protect organs such 
as brain and lungs(63). In recent years there have been several studies 
investigating the possibility of using composite materials in medical 
applications(60,64–66), one of the most attractive and promising composite in 
biomedical and tissue culture fields was polymer/inorganic composite,  because 
often enhancement is needed for mechanical properties and this can be 
obtained by incorporating nanoparticles into polymeric materials(49,67–73), 
where nanoparticles improve tensile strength (48–50,74,75), increase stiffness 
(76,77) and elongation at break (49,50,69,74,78) when compared to that of the 
pure polymer. 
Several types of inorganic nanoparticle material can be used such as 
hydroxyapatite (HA), layered silicates, carbon nanotubes and clays. These 
nanoparticles will enhance and improve different properties, according to 
several studies conducted in the field, incorporation of nanoparticles enhance 
transparency (50,79–82), electrical conductivity (73,83–85) and thermal stability 
(70,86–88). Although incorporating nanoparticles enhances the properties of 
nanocomposite materials, in the case of polymer - clay nanocomposite it is only 
a few weight percent of clay can be added (<10 wt. % max)(52), because there 
are difficulties in preparation of nanocomposite when in organic particles 
increase (52,89,90). In this thesis Laponite® nanoparticles have been used as 
crosslinker with Poly (N-Isopropylacrylamide) to produce pNIPAM based 
Laponite® hydrogels, and the influence of Laponite® has been studied. In 
addition, synthetic hydroxyapatite nanoparticles (HAPna) was incorporated into 
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pNIPAM based Laponite® hydrogels, to promote osteogenic differentiation of 
human mesenchymal stem cells (hMSC) 
 
1.6.2 Nanocomposite materials 
Nanocomposite material is a composite in which one of its components has 
dimensions on the nanometre scale (< 100nm). Nanocomposite hydrogels have 
being increasingly studied to produce a new advanced material(64,91–94). 
Since 1989, when Toyota has improved the properties of Nylon-6 by mixing 
pure polymer with nano clay minerals to develop new heat resistant and tough 
improved composite materials(95,96), that had incredible usability in different 
areas. Consequently, researchers have conducted many studies in order to 
understand these materials and their applicability, and many different inorganic 
nanoparticles such as clay minerals; have been used in combination with 
polymers, to produce nanocomposite hydrogels (52). 
In this study Laponite® RD was incorporated to poly (N-isopropylacrylamide), 
hydroxypropyl methacrylate and hydroxyethyl methacrylate, to produce pNIPAM 
based Laponite® hydrogels with a range of comonomer types and 
concentrations. 
 
1.6.3 Polymer/ clay nanocomposites 
Polymer nanocomposite (NCs) is a combined of polymers with clay minerals, by 
which we get new composite material that own both polymers' properties such 
as stiffness, elasticity and toughness, and inorganic materials' behaviour (e.g., 
hardness, resistance to ignition) which improves the final products properties as 
well as reducing the cost(97,98). The advent of clay/polymer nanocomposites 
began with  Toyota, developing clay/Nylon-6 nanocomposites in the end of 
1980s and the beginning of 1990s(95,99–101). Much work has followed to 
investigate polymer/ clay nanocomposite properties and their possible 
applications(48,49,67,74,87,102) and some have shown appreciable 
improvements in certain properties, such as permeability, modulus and 
stiffness(52).  
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1.7 Hydrogels 
Hydrogels are three dimensional crosslinked polymeric networks with high 
water contents and are able to absorb a huge amount of water and swell 
without dissolving at physiological pH, temperature and ionic strength(103,104). 
Due to having a huge amount of water in their structures, they possess a high 
degree of flexibility which is very similar to the nature of natural tissue (105). 
The research of hydrogel dates back to 1960, when, Wichterle and Lim initially 
proposed the utilization of hydrophilic systems of 2-hydroxyethyl methacrylate 
(PHEMA) in contact lenses applications(104,106). Since then workers have 
extensively studied hydrogel materials, due to their possible applications in 
regenerative medicine and drug delivery(106–109). Hydrogels have been 
studied with investigations regarding their physical(110–115), mechanical 
properties(50,102,116) and their possible applications(66,93,117,118) in 
different engineering and industrial areas. To date hydrogels have been used in 
a range of commercial applications which include hygienic products(119), 
agriculture(120), artificial snow(119) and medical applications such as drug 
delivery(106,121–123), wound healing, cell culture and cell encapsulation, 
coating material for implants and contact lenses (63,103,124–126). In recent 
years, many studies have been conducted in the medical field, utilising 
hydrogels as tissue culture biomaterials (64,77,117,127,127,128). 
1.7.1 Hydrogel Classification   
Hydrogel classifications generally divide them based on their physical properties, 
preparation method, ionic charge, crosslinking types and responsive behaviour 
to environmental changes(121). Hydrogels have been classified in the literature 
based on polymer source in three different ways; natural, synthetic or hybrid 
hydrogels. Natural polymers such as natural polypeptides, collagen, alginate 
and gelatine have been employed for hydrogel preparations. Hydrogels based 
on naturally derived polymers usually possess innate biocompatibility and 
biodegradability. In contrast these polymers from nature are frequently saddled 
with high batch-to-batch variability and conceivable immunogenic reactions. 
However, Hydrogels based on synthetic polymers such as synthetic polypeptide, 
poly (2-hydroxypropyl methacrylamide) and poly(hydroxyethyl methacrylate), 
offer incredible flexibility in controlling polymer structure and building design, 
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which is vital to create hydrogels with tailorable system and mechanical 
qualities(129). 
According to structural features, hydrogels can be classed as having semi-
crystalline, amorphous, or hydrogen-bonded structures. They can also be 
classified based on their method of preparation, ionic charge, or physical 
structure features. In this system of classification hydrogels may be: 1) 
homopolymer hydrogels, 2) copolymer hydrogels, 3) multipolymer hydrogels, or 
4) interpenetrating polymeric hydrogels. Homopolymer hydrogels are 
crosslinked systems of one sort of hydrophilic monomer unit, while copolymer 
hydrogels are created by crosslinking of two comonomer units, no less than one 
of which must be hydrophilic to render them swellable. Multipolymer hydrogels 
are created from three or more comonomers combined together. Finally 
interpenetrating polymeric hydrogels are created by setting up a first system 
that is then swollen in a monomer. It is also possible to subdivide hydrogel 
materials according to their response to the environmental changes such as 
temperature, pH and light. Another category has been added recently to Stimuli-
responsive polymers is biochemical responsive polymers(130), that might be 
used in hydrogel synthesis to get hydrogel responsive to changing in bio - 
environmental conditions, such as enzyme, antigen and ligand, which could be 
beneficial in medical applications.  
The general classification of hydrogel materials based on their physical and 
chemical properties, behaviour, preparations and sources, along with details for 
each main class is shown in Figure 9. 
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1.7.2 Medical and dental applications of hydrogels 
Over the last decade, hydrogels have been proposed as potential choices for 
tissue engineering, tissue culture and drug delivery; currently the following 
applications have all used hydrogel as a biomaterial: 
 Soft contact lenses (131) 
 Drug delivery (pills/capsules)(132)  
 Wound Healing(107,125) 
 Implant Coatings : where hydrogels used to improve surface properties of 
peacemaker and orthopaedic devices (133,134)  
 Tissue Engineering and tissue culture(77,128,135) 
The tuneable properties of hydrogels allow these materials to be used for 
different proposes; such as contact lenses(109), as a filler in aesthetical 
surgery(136) and drug delivery(137,138). 
In dentistry, hydrogels have been reported as a promising solutions in several 
applications, such as to recreate soft and hard normal tissue and deliver 
bioactive molecules into the oral cavity(139,140).  
The formation the secondary palate in mammals is complex, and includes 
different stages of cell development such as proliferation, migration, 
differentiation, and finally programmed cell death(141). However, in some cases 
this process is interrupted and the palate or/and the lip remain not fully 
developed. In 1998, Peters et al, reported that the uncompleted development of 
the human palate could be the result of abnormal characteristics of the palatal 
shelves in early stage of gestation (142). 
The cleft palate is still the most prevalent major facial malformation, that 
affecting the ability of new-borns to feed and impairing speech development, it 
occurs in about 1.7 per 1000 live born babies(143,144).  
One example of the potential dental applications of hydrogels is to regenerate 
hard or soft tissue around cleft palate by injecting these materials with 
suspended cells. Martinez A. et al, in 2013 proposed that if bone morphogenetic 
protein-2 (BMP-2) was injected using an appropriate carrier into the periosteum 
of the cleft palate borders, the border volume would increase and connective 
tissue cells would be activated to produce extra bone. They used an injectable 
hyaluronic acid-based hydrogel containing hydroxyapatite as the carrier; this 
study was conducted using dog pups with congenital cleft palates. Four weeks 
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after the hydrogel injection, the palatal cleft margins had reached the midline, 
and cultured bone had enlarged the palatal bones(143). 
According to a study conducted in field of surgical dentistry, keratin hydrogel 
promoted earlier osteo-integration around titanium dental implants(145). This 
study investigated the applicability of a range of different compositions of 
pNIPAM based Laponite® hydrogels to be used as cell carrier in surgical 
dentistry. 
 
1.8 Poly (N-isopropylacrylamide) - Based clay Hydrogels 
In 2002 Haraguchi et al, developed pNIPAM / clay nanocomposites (48), and 
documented their swelling, mechanical and optical properties(49,102,146). As 
mentioned earlier, the main purpose of producing composite materials is 
improving their general properties as well as reducing the cost. In the same 
context, incorporating inorganic particles such as clays to Poly (N-
isopropylacrylamide) may improve several properties as mentioned earlier in 
1.5. 
Poly (N-isopropylacrylamide) has interesting properties, such as thermal 
response (20), the ability to absorb large volumes of water(103) and 
biocompatibility(77,117,147) that make it such a promising material for different 
applications, such as artificial soft tissues(148–151) and drug delivery(111). 
Poly (N-isopropylacrylamide) has Lower critical solution temperature at ~32oC, 
but it can be modified by the addition of a comonomer to to meet a wide range 
of different applications' requirements(152) 
The thermoresponsive behaviour of PNIPAM can be modified to be used as an 
injectable scaffold, where cells could suspend in the hydrogel in liquid state 
above lower critical solution temperature (LCST), then either injected in vivo or 
in vitro depending on the application and the gel will encapsulate the cells within 
its structure when temperature is decreased below the (LCST)(117). 
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1.8.1 Mechanical properties of Poly (N-isopropylacrylamide) - Based 
Hydrogels 
Consideration of the mechanical behaviour of biomaterials used as  cell 
scaffolds in tissue regeneration or in tissue engineering is crucial (84), where 
biomaterials should enhance and support cells mechanically to offer an 
appropriate environment for cell proliferation and development.   
Mechanical properties can be influenced by several parameters, such as the 
monomer type and concentration, crosslink density, polymerization method and 
temperature, swelling degree at the time of the measurement and the technique 
that used to test the sample(49,103,118,122,153,154). Crosslink density of 
hydrogel materials, due to its importance in controlling the mechanical 
properties of viscoelastic networks(72) has received significant attention over 
the last decade. In previous studies Haraguchi et al and Djonlagic et al have 
reported that increasing the crosslink density was shown to increase the 
stiffness of hydrogel materials(76,146). Hence, mechanical properties of 
hydrogel materials can be tuned to meet different application requirements. In 
the current study, the influence of composition on the mechanical properties of 
pNIPAM based hydrogels has been studied. 
 
1.8.2 State of water within Poly (N-isopropylacrylamide) - Based Hydrogels 
As stated earlier, hydrogels are 3d  polymeric network structures containing 
water , and have ability to absorb a huge amount of water or biological fluids in 
their structures(155). For biomedical applications, high water contents are very 
important for hydrogel's biocompatibility. Hence, it is crucial to understand the 
behaviour of the water within hydrogel materials that are used as biomaterials 
when attempting to develop better materials. 
Water in hydrogels is classified into three different states(156–159):  
1) Free water (Freezable water): This is not bound to the polymeric chains and 
therefore possesses behaviour like pure water, such as freezing at 0 °C. 
2) Bound water (non-Freezable water): This water is strongly bound to the 
polymeric chains; either through hydrophilic groups or via hydrogen bonds and 
therefore dose not behaves like pure water. 
 20    
 
3) Freezable bound water: in this state, water is weakly bound to the polymeric 
chains, having transitional properties between those of bound and free water, 
such as freezing at temperature lower than 0 °C(124,160).  
Differential scanning calorimetry (DSC) is the most informative procedure that 
used semi-routinely by researchers, to study water binding in 
polymers(156,161). However, different techniques can be used; such as 
Nuclear magnetic resonance spectroscopy (NMR)(143), Fourier transform 
infrared spectroscopy (FTIR)(146) and X-ray diffraction (XRD)(163,164). 
Differential scanning calorimetry (DSC) was used frequently to determine water 
state in hydrogel materials and to understand water polymer - interaction within 
these materials(156,165–168), based on different behaviour of each state. 
Absorbed water in hydrophilic polymer molecules has thermodynamic behaviour 
different from pure water; such as freezing temperature(169). Higuchi et al. 
have conducted a study on Water states in Poly (Vinyl Alcohol) Membranes 
using DSC, they have shown that the endotherm for melting the point of water 
in PVA is 9% higher than of pure water crystallisation, in in the water content of 
this material was more than 60 wt. %(170). 
Other techniques such as Fourier Transform Infrared spectroscopy has been 
used to distinguish between different water states, by investigating hydrogen 
bonding between water and polymer molecules(162,169,171).  
In the present study Fourier Transform Infrared spectroscopy was used to 
determine state of water within series of different composition of pNIPAM based 
Laponite® hydrogel and DSC has been used to corroborate these results. 
 
1.8.3 Swelling and de-swelling behaviour of Poly (N-Isopropylacrylamide) - 
Based Hydrogels in distilled water 
Since  water is the largest component of hydrogels(50), and they have a 
propensity to absorb large volumes of water in their structures(103), as well as 
the applicability of their use in the body (70% water), it is important to 
investigate the response of these materials in an aqueous environment. Many 
studies have reported the swelling and swelling characterisation of Poly (N-
Isopropylacrylamide) Hydrogels. Yucel D.  et al. have studied the influence of 
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the composition on swelling behaviour of Poly (N-Isopropylacrylamide) in 
distilled water at 25 °C for swelling and at 48 °C for deswelling. They found that 
increased crosslink density decreased both swelling and deswelling rates of 
hydrogel, due to the reduction in mesh size(111). Haraguchi K. et al. have 
revealed the same effect of crosslink density of pNIPAM hydrogels on the 
swelling/deswelling behaviours(142). For different hydrogels, Djonlagic et al. 
and Yacob N. et al. have shown that crosslink density decreases both swelling 
and deswelling rates as a result of the decrease in the hydrogel pore 
size(76,114). Here, in this work swelling and deswelling behaviour of pNIPAM 
based Laponite® hydrogels were studied and the effect of composition was 
investigated. 
 
1.8.4 Structural properties of Poly (N-Isopropylacrylamide) - Based 
Hydrogels  
Structural properties and their influence on the behaviour of pNIPAM based 
hydrogels, has been widely studied over the last two decades(173–175). It was 
well reported that morphological and structural properties of pNIPAM based 
hydrogels were impacted by crosslink density(76,146,176), polymerisation 
conditions(177) and comonomer type and concentration(154). Similarly, it was 
documented for different hydrogel materials, where Jang J, et al. have found 
that increased crosslink density decreased average pore size of alginate 
hydrogels(127). Modifying the pore size of hydrogel materials is very important 
when used in tissue culture, to improve fluid and nutrition transportation through 
the hydrogel rapidly and effectively. In addition, structural and morphological 
properties influence other properties, such as the mechanical behaviour(76,116) 
and swelling degree(114,116). The current study focused on influences of 
crosslink density, co-monomer type and concentrations on the morphology and 
structure of pNIPAM based Laponite® hydrogels. In addition the correlation 
between changing hydrogel structure and the influence on a range of properties 
including mechanical properties, swelling/deswelling, dehydration/rehydration 
rates and water states has been reported, as well as cell viability within these 
materials. 
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1.8.5 Biocompatibility and cell viability of Poly (N-Isopropylacrylamide) - 
Based Hydrogels 
Biomedical and regenerative medicine applications of hydrogel materials have 
being studied prodigiously since the last decade(175), due to their 
biocompatibility and similarities to natural tissue (151,178–180). In addition, 
many hydrogel materials have proven their nontoxicity to cells and they 
promoted cell growth(64,77). Biocompatibility of pNIPAM based Laponite® 
hydrogels has been well reported(77,117,147). In this study the biocompatibility 
of pNIPAM based hydrogels was shown to be varied, depending on the 
comonomers that were used. Moreover, cell viability was shown to be affected 
by composition of the hydrogel. 
 
1.9 Poly hydroxyethyl methacrylate hydrogels 
Poly (2-hydroxyethyl methacrylate) (pHEMA) is a polymer that reported in many 
studies to be used in drug delivery and tissue engineering, due to its good 
biocompatibility and can be easily synthesised and its mechanical and physical 
behaviour can be controlled (181,182). PHEMA was used with stimuli 
responsive copolymer to enhance the mechanical and physical properties of the 
hydrogel (183,184). In the current study HEMA was added at concentration of 5, 
10 and 12wt. % to some composition as copolymer, and influence of 
incorporation of HEMA on physical and mechanical properties was investigated. 
In addition, effect of HEMA as comonomer on cell viability was assessed.  
 
1.10 Poly hydroxypropyl methacrylate hydrogels 
Hydroxypropyl methacrylate (HPMA) copolymers were used in pharmaceutical 
applications since 1970 (185,186). Subsequently, using of HPMA in tissue 
engineering was reported by researchers due to its flexibility which was shown 
to be similar to soft tissue, also its hydrophilicity and biocompatibility which 
found to be important for cell growth (187). In this thesis, HPMA was used as 
comonomer at concentration of 5, 10 and 17wt. % and effect of HPMA on 
physical and mechanical properties was explored and relevant cell behaviour 
was addressed. 
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1.11 Aims and Objectives of This Study 
This work aimed generally to improve a previously synthesised pNIPAM based 
Laponite® and to investigate the effects of a range of different chemical 
compositions, on mechanical, structural, dehydration/rehydration and 
swelling/deswelling behaviour. In addition, the influence of each composition on 
cell viability and growth was assessed.  
The importance of water content in hydrogels has been stated in this chapter, 
and a complete understanding of water/polymer interaction within hydrogel, is 
needed in order to exploit this in practice. For more and sufficient understanding, 
this research focused on: 
Dehydration behaviour of pNIPAM based Laponite® hydrogel and the influence 
of chemical composition has been investigated. 
Rehydration behaviour and diffusion rate of water through different 
compositions of pNIPAM based Laponite® hydrogels was explored, to 
investigate the influence of chemical composition on these characteristics.  
Dehydration and rehydration studies were conducted using Fourier Transform 
Infrared spectroscopy (FTIR), collected data were analysed and used to 
determine dehydration and rehydration rates, diffusion coefficient, bound and 
free water content. 
Swelling and deswelling behaviour of hydrogels in aqueous media were also 
examined. Dehydration and rehydration data were compared to swelling and 
deswelling observations and the agreement between them was explained and 
documented. 
The correlation between water behaviour in different compositions and the 
applicability of this material to be used in cell culture was addressed. 
Due to the importance of structural features of hydrogels and their influence on 
different properties have been conducted(76,114,116). This research also 
aimed to explore the morphology of pNIPAM based Laponite® using Scanning 
electron microscopy (SEM) and find links between morphology and mechanical 
properties. 
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This chapter outlines the materials and methods used in this thesis and include 
relevant information about the instrumentation and data analysis. 
2.1 Materials used in hydrogel synthesis  
N-Isopropylacrylamide 99% (NIPAM), hydroxyethyl methacrylate (HEMA) and 
hydroxypropyl methacrylate (HPMA) monomers and 2-2'-azobisisobutyronitrile 
(AIBN) initiator were purchased from SIGMA-Aldrich and used without further 
purification. Inorganic clay, the synthetic hectorite Laponite RD®, was supplied 
by BYK Additives Ltd, Cheshire UK and used without any further treatment. 
Hydroxyapatite nano particles (<200 nm) 10 wt. % in water (HAPna), was 
purchased from sigma-Aldrich and mixed homogenously with hydrogels directly 
without further purification. All water was 18 MΩ, distilled and deionised prior to 
use. 
 
2. 2 Hydrogel synthesis 
Laponite® (1g) was dispersed in deionised water (90g) by continual stirring for 
24 hours. N-Isopropylacrylamide 99% (NIPAM) (2.34g) and 2-2'-
azobisisobutyronitrile (AIBN) (0.0234g) were added to the Laponite® \water 
suspension (23.66g) and left to stir. After one hour, the suspension was filtered 
using 5-8 μm pore filter paper and the liquid was placed in a sealed glass vial 
with no headspace to minimise oxygen content. Polymerisation was initiated by 
heating to 80±2 °C in an oil bath and allowed to propagate for 24 hours. The 
final product was a milky low viscosity injectable hydrogel with a composition of 
1% wt. Laponite®, 9% wt. pNIPAM and 90% wt. water (referred to as L-pNIPAM 
(1)). 
 
2.2.1 Modification of hydrogel composition 
This study investigated the effect of comonomers and Laponite® concentrations 
on the morphological, mechanical and influence on cellular behaviour of the 
hydrogels. Specifically: hydroxyethyl methacrylate (HEMA) and hydroxypropyl 
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methacrylate (HPMA) were incorporated as comonomers at different 
concentrations (5, 10, 12 and 17 wt. %) of total monomer. Four Laponite® 
concentrations were used in this study (0.5, 1, 1.5 and 2%), where water 
content was 90% for all chemical compositions. After polymerisation reaction 
was finished, initial observation was performed on each composition to evaluate 
injectability of the hydrogels, where the highest Laponite® concentration was 
found not injectable due to exist of sediments. Similarly, was found in the 
hydrogels contained 12 wt. % HEMA and 17 wt. % HPMA, hence no further 
characterisations were performed on these compositions.  
In some hydrogel compositions, synthetic hydroxyapatite nanoparticles (HAPna) 
was incorporated, at concentration of 0.5mg/ml, as this concentration was 
optimised by Thorpe A. et al(1). In all synthesised hydrogel compositions no 
additional purification steps, to remove the possible residual monomer units, 
were taken prior to use.  
Sample codes and corresponding chemical compositions of all hydrogels 
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L-pNIPAM (0.5) 0.5% 9.5% NIPAM 
L-pNIPAM (1) 1% 9% NIPAM 
L-pNIPAM (1.5) 1.5% 8.5% NIPAM 
L-pNIPAM (2) 2% 8% NIPAM 
 
 
L-pNIPAM95-co- HPMA5(0.5) 0.5% 9.025%NIPAM, 0.475%HPMA 
L-pNIPAM90coHPMA10(0.5) 0.5% 8.55%NIPAM, 0.95%HPMA 
L-pNIPAM83-co-HPMA17(0.5) 0.5% 7.885%NIPAM,1.615%HPMA 
L-pNIPAM95-co-HEMA5(0.5) 0.5% 9.025%NIPAM,0.475%HEMA 
L-pNIPAM90-coHEMA10(0.5) 0.5% 8.55%NIPAM, 0.95%HEMA 
L-pNIPAM88-coHEMA12(0.5) 0.5% 8.36%NIPAM,1.14%HEMA 
 
 
L-pNIPAM95-co- HPMA5(1) 1% 8.55%pNIPAM,0.45%HPMA 
L-pNIPAM90-co- HPMA10(1) 1% 8.1%pNIPAM, 0.9%HPMA 
L-pNIPAM83-co-HPMA17(1) 1% 7.47%pNIPAM, 1.53%HPMA 
L-pNIPAM95-co-HEMA5(1) 1% 8.55%pNIPAM, 0.45%HEMA 
L-pNIPAM90-co- HEMA10(1) 1% 8.1%pNIPAM, 0.9%HEMA 
L-pNIPAM88-co- HEMA12(1) 1% 7.92%pNIPAM, 1.08%HEMA 
   
L-pNIPAM (0.5) hap 0.5% 9.5% NIPAM  
L-pNIPAM (1) hap 1% 9% NIPAM 
L-pNIPAM (1.5) hap 1.5% 8.5% NIPAM 
L-pNIPAM90coHPMA10(1) hap 1% 8.55%NIPAM, 0.95%HPMA 
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2.3 Characterisation techniques and instrumentation 
2. 3.1 Dynamic Mechanical Analysis (DMA) 
Dynamic mechanical analysis (DMA) is a characterisation technique used to 
test the mechanical properties of a material as a function of temperature, time, 
frequency and stress(2). This technique applies a small sinusoidal force, to a 
sample of known geometry. The response and deformation to the applied force 
is recorded and the modulus of elasticity (E) calculated according to the 
following equations:  
σ (stress) = F (force) / A(cross section area)           (2.1) 
ε (strain) = Δ L / L                                                    (2.2) 
E = slope = σ/ε                                                         (2.3) 
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Moduli calculate using DMA are not exactly the same as elastic moduli that 
calculated using stress-strain curves (Figure 2.1). Dynamic mechanical analysis 
calculates different moduli: a complex modulus (E*), storage modulus (E') and 
loss modulus (E"). Storage modulus (E') is defined as the energy that is stored 
during a loading cycle, whereas loss modulus (E'') represents the dissipated 
energy(3).  
The ratio of loss modulus to storage modulus is referred to as the tan delta (tan 
δ), which is the energy dissipated by the measured sample. DMA 
instrumentation consists of a displacement sensor, such as a linear variable 
differential transformer, that measures the changes in voltage as a result of the 
instrument probe moving through a magnetic core, a temperature control 
system, a drive motor which is a linear motor for probe loading, which provides 
load for the applied force (Figure 2.2). Depending on the geometry and nature 
of the measurement, samples will be prepared and handled differently(2,3), e.g. 
for compression measurements, the sample is prepared in a cylindrical shape, 
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Figure 2.2: General schematic of the primary components of DMA instrument 
adapted from(4) 
 
2. 3.1.1 Dynamic Mechanical Analysis (DMA) experimental parameters and 
method 
DMA was used to explore the viscoelastic behaviour of pNIPAM based 
Laponite® hydrogels, with a range of chemical compositions which were studied, 
using (PerkinElmer DMA 8000) with frequency testing type (0.063 - 10 Hz), in 
compression mode at 25 ˚C. Hydrogel samples were freshly prepared and 
pipetted in the liquid state directly into an in-house designed sample holder, 
which is ~ 3 mm in depth and 5 mm diameter (Figure 2.3). Subsequently, the 
hydrogel was allowed to solidify for 2 hours at RT and 98% relative humidity 
(RH). Sinusoidal force was applied with 0.02 mm displacement. Six replicates 
for each sample were measured. 
The standard method of Measuring storage Young's modulus is to apply 
unconfined compression force between two parallel compression plates. In the 
current work confined compression test set-up was employed for DMA does not 
strictly measure storage Young's modulus due to the triaxial stress condition 
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imposed by the walls of the sample holder when axial compression is applied 
(Figure 2.3). However, for the purposes of this thesis, the term storage Young's 











Figure 2.3: A simple schematic illustration of compression test of hydrogel 
sample. 
 
2.3.2 Scanning electron microscopy 
High resolution topographical 3D images can be obtained by focusing a primary 
electron beam, which has an intrinsically short wavelength, at a particular point 
on the sample's surface and then measuring the resulting secondary or back 
scattered electrons with suitable detectors(5).  
Incident electron collisions with the sample's surface result in removal of an 
inner shell electron from one of the elements of the sample. The removed 
electron's energy emission as X-ray scatters from the sample surface. The 
amount of this energy depends on the element that has been scanned by the 
primary electron beam, and the size, shape and texture of the sample. The rest 
of the primary electron beam scatters from the sample into different ways; 
including: auger, cathodeluminescence, backscattered and the secondary 
electron beam, which provides information about the samples topography and 
chemical composition. The secondary electron beam is backscattered and 
collected by detectors which generate three dimensional surface image (Figure 
2.4).  
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Figure 2.4: A Schematic of scanning electron microscopy method adapted 
from(6) 
 
2.3.2.1 Scanning electron microscopy (SEM) parameters and method 
All samples were flash frozen in liquid nitrogen for 5 minutes and subsequently 
freeze dried overnight using (FD-1A-50) and fractured into two or more pieces 
to obtain cross-sectional edges, where scanned piece of sample's diameter ≈ 5 
mm.  
Samples were then mounted onto aluminium stubs and gold coated using 
(Q150T-ES sputter coater (Quorum, UK) (10lA sputter current for 190 s with a 
2.7 tooling factor).  
Scanning electron microscope (FEI NOVA nano SEM 200), was used to capture 
images of hydrogel samples in low vacuum mode, with an operational water 
vapour pressure of 0.8-1 Torr, accelerating voltage of 5-7KV, spot size of 4 and 
magnification between 100 - 20000 X. 
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2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy 
FTIR is widely used in organic and inorganic chemistry, polymer science, and 
the pharmaceutical industry to provide information about chemical composition. 
It is a characterisation technique that provides information based on the ability 
of each different chemical compound to absorb infrared radiation at different 
frequencies, which correlates to vibrational energy levels of functional groups of 
different compounds within the sample(7).  
In the electromagnetic spectrum, infrared radiation has a wavelength of 700 nm 
-1mm; which can be divided into near IR 0.78- 2.5 µm, mid-IR 2.5 – 50µm and 
far-IR 50-1000 µm. This wavelength is presented as wavenumber in infrared 
spectroscopy with cm-1 unit and wavenumber equal to 1/λ (cm-1)(3). However, 
the most applicable range for chemical analysis is mid-infrared 2.5 µm and 25 
µm (4000 to 400 cm-1), which include the frequencies correlated to the 
vibrations of nearly all of the functional groups of organic molecules(7,10). 
 
2. 3.3.1 FTIR working theory: 
FTIR spectrometers are based on the Michelson interferometer, which works as 
follows. 
1) A broad band infrared beam is emitted from a source, typically a globar. The 
beam goes to a beam splitter which splits the beam into two parts. The first part 
is transmitted to a moving mirror, the other part to a stationary mirror. 
2) The recombined wavelengths combine constructively and destructively 
making an interference pattern, known as an interferogram. 
3) The recombined infrared beam is directed onto the sample. The components 
of the sample absorb some energy and the rest is transmitted or reflected 
depending on the sampling geometry of any sampling accessory used e.g. 
attenuated total reflectance (ATR). 
4) After interaction with the sample any remaining energy goes to the detector, 
these are typically mercury cadmium telluride (MCT) or deuterated triglycine 
sulfate (DTGS) detector elements, the information about each wavelength is 
read by the detector in the infrared range. 
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5) The detector sends the information as signals to the computer that is 
connected with the FTIR instrument where it can be processed (Figure 2.5). 
The output of an interferogram is an interference pattern with an imposed time 
signal. By performing a Fourier transform on this data a single beam spectrum 
is generated. The instrument specific response can be removed from the single 
beam spectrum by ratioing the sample single beam by the blank single beam. 
 
 
Figure 2.5: Simple schematic scheme illustrating ATR - FTIR spectroscopy, 
adapted from (9) 
 
2.3.3.2 Attenuated Total Reflectance - Fourier Transform Infrared 
Spectroscopy (ATR -FTIR) 
When light propagates through a material with a high refractive index (n1), at an 
angle (θinc) bigger than the critical angle (θc), then it will be totally internally 
reflected at the interface of a material with a lower refractive index (n2). Upon 
reflection an evanescent wave will be created, which decays exponentially with 
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distance from the surface into the sample. The depth that the evanescent wave 
penetrates into the sample is known as the depth of penetration (dp) and is 
given by equation 2.4. 
𝑑𝑝 =  
𝜆1
2𝜋(𝑠𝑖𝑛2 𝜃𝑖𝑛𝑐− 𝑛21  
2 )
1/2                    (2.4) 
Where: 
Inc
 is angle of incidence, 
1
 is wavelength of radiation in high RI 
medium (1 =  / n1).  
n21 is the ratio of the RI of the sample (n2) and the RI of ATR crystal (n1). 
 
Real penetration depth is approximately 3Dp (effective sample thickness). 
This technique is used when there is a sample which is difficult to be analysed 
by transmission, due to excessed thickness or high ability of absorption (Figure 
2.6). However, good contact with crystal is needed due to a limited ability of IR 
to transmit through the sample (few micrometres). 
 
 
Figure 2.6: Schematic of ATR measurement of polymer samples 
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2.3.3.3 Dehydration and rehydration methods 
All samples were investigated using a Nexus FTIR instrument (Thermo Nicolet 
Corp., USA)  coupled to a Graseby single reflection diamond ATR cell to 
analyse the chemical composition of each sample and the dehydration-
Rehydration behaviour of pNIPAM hydrogel samples. Each FTIR spectrum was 
recorded between 500 and 4000 cm-1. Samples were prepared by pipetting 30µl 
of liquid hydrogel directly onto the diamond ATR crystal and allowing it to dry.  
Data collection was immediately started by collecting one spectrum every 30 
second for up to 800 minutes, with 8 scans per spectrum at a resolution of 8 
cm1 on a Thermo Nicolet Nexus instrument, using a series setup, decrease in 
intensity of  (OH) band between 3600-3100 cm-1, increase in NH band at 1550 
cm-1 were being monitored in real time during hydrogel drying (Figure 2.7). Both 
bands represent water contents and polymer concentration respectively. (OH) 
band intensity was plotted as function of time to display dehydration rate of 
hydrogel sample (Figure 2.8 ). Three samples of each different composition 
were used in this experiment, to analyse dehydration behaviour of pNIPAM 
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Figure 2.9: Intensity of  (OH) during dehydration of hydrogel samples 
 
Rehydration was performed by putting deionised water into contact with a 
previously dried sample using a liquid cell holder. Spectra were collected every 
30 seconds for up to 240 minutes, and the same bands were monitored to 
observe changes in (OH) and NH bands. All experiments were conducted 
using 8 scans at a resolution of 8 cm-1. 
FTIR-ATR can successfully be used as a method to determine the dehydration 
and rehydration rates of polymeric samples. When the polymer sample (l) is 
thicker than dp (equation 2.4) water will only be observed when it enters or 
leaves the evanescent field. This means that by monitoring the few microns 
closest to the ATR crystal one can relate these changes to 
hydration/dehydration processes. During these processes one also observed 
the polymer therefore swelling/deswelling and interactions between the water 
and polymer can all be monitored simultaneously. However it is critical to 
maintain intimate contact between the sample and the ATR crystal to ensure 
the quality of results. If the sample loses contact with the ATR crystal during an 
experiment, then this will result in anomalous data being recorded.  
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2.3.4 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a technique used to investigate 
thermal energy changes of materials(11). DSC consists of two separate 
chambers with two pans: one for the sample and one for a reference, liquid 
nitrogen tank for cooling, heater for heating and PC unit with installed software 
to monitor and control the experiments (Figure 2.7). 
Differential thermal analysis (DTA) is a principal by which DSC can compare the 
amount of energy required to change sample's phase, with reference that has a known 
thermal behaviour. The working theory of DSC uses the fact that to heat or cool the 
sample and the reference at the same rate, it is necessary to adjust the heat flow that is 
required to keep the temperature of both pans the same when the material is undergoing 
a phase/state change(12). 
 
 
Figure 2.11: A schematic drawing of Differential scanning calorimetry adapted 
from(11) 
 
2.3.4.1 Differential scanning calorimetry parameters and method 
The state of water in L-pNIPAM hydrogel with different crosslink densities was 
determined using differential scanning calorimetry (Perkin Elmer DSC 8000), 
equipped with a liquid nitrogen cooling accessory. The DSC cell was calibrated 
using deionized water. Three to 10 mg of hydrogel was poured into a DSC 
aluminium hermetic pan and sealed firmly using an aluminium pan cover to 
prevent water loss during the experiment. The sample in the pan was firstly 
cooled to -63°C, and subsequently heated to 30°C, at a rate of 10 °C/min. The 
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phase transition of the water in the hydrogel sample during heating was 
recorded as the endothermic peak, which integrated later using commercial 
software (Pyris series-DSC 8000). The freezable water fraction was then 
calculated using equation 2.5:  
XBW = XTW - (
𝑄𝑒𝑛𝑑𝑜
𝑄𝑓
 )                               (2.5) 
Where: XBW is the bound water fraction in the hydrogel, XTW is the total water 
fraction in the hydrogel, Qendo is the heat of fusion for freezable water in 
hydrogel that obtained from the DSC-thermogram (J/g) and Qf  is the heat of 
fusion of pure water (333 J/g). 
2.3.5 Contact angle measurements 
Contact angle on glass slides (Leica Microsystem Milton Keynes, UK) and water 
contact angle of different hydrogel compositions were determined using a Data 
Physics OCA 15EC contact angle instrument. A drop of hydrogel (30 µl) was 
placed on a dry clean microscope slide, an image was immediately captured via 
CCD camera and the hydrogel contact angle was measured using (Dataphysics 
instruments GmbH, 2007, Germany). Four measurements of each composition 
were recorded and the average value calculated. 
For hydrogel wettability, the water contact angle (WCA) of hydrogel was 
conducted as follows:  Spin coated samples for different L-pNIPAM based 
compositions were prepared. To make L-pNIPAM films, 60 µl of hydrogel was 
placed on a glass slide (Leica Microsystem Milton Keynes, UK) at 50°C.  Using 
spin coating system (Electronic Micro Systems (EMS), England, Quorum, 
Q300T T) hydrogel was spin coated at 1000 rpm onto the surface of the glass 
slide, forming a homogenous polymer composite film.  
A drop of distilled water (20 µl) was placed on the spin-coated hydrogel surface, 
four contact angle measurements (tensile drop method) of each composition 
were recorded and the average determined. 
 
 56    
 
2.3.6 Raman spectroscopy  
In 1928 Chandrasekhar Venkata Raman discovered the phenomenon which 
takes his name; using sunlight as the source and his eyes as the telescope and 
collector(13). Raman spectroscopy can most simply be described as the 
inelastic scattering of light. Photons scattered by a molecule can either be 
scattered elastically (Rayleigh scattering), lose energy to the molecule (Stokes 
scattering) or gain energy from the molecule (anti-Stokes scattering).  Modern 
Raman spectrometers use a laser as the source, holographic filters to remove 
the Rayleigh light and have one or more gratings to separate the inelastically 
scattered light into its constituent wavelengths(14). The magnitude of the shifts 
observed in the Raman experiment equates to changes in the vibrational 
energy levels of the molecule and the output is analogous to infrared 
spectroscopy. 
Raman spectroscopy can be used to investigate structure and the physical state 
of organic and inorganic molecules. 
In medical and biological studies Raman spectroscopy is used by researchers 
to diagnose diseases in cells, by investigating changes in their molecular 
composition(15). In addition, Raman has been used to observe the major 
components of bone such as matrix collagen and mineral phosphate to help in 
understanding the pathogenesis of bone diseases such as osteoporosis and 
osteosclerosis(16,17), and to compare between natural bone to synthetic 
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Figure 2.12: Schematic of Renishaw InVia Raman microscope(19) 
 
2.3.6.1 RAMAN spectroscopy parameters and method 
Samples were mapped using Raman microscopy was performed using a 
Thermo Fisher Scientific DXR™ 2 Raman Microscope. In order to distinguish 
between free calcium and calcium phosphate, in hydrogel samples contained 
hMSCs and acellular hydrogels, 4 µm sections were mounted onto quartz 
microscope slides (Alfa Aesar, USA). Sections were allowed to dry for 24 hours 
at 37°C, then Raman microscopy was used to perform mapping for each 
section, Raman microscope conditions and parameters were as follow:  
10 X objective lens was used, 500 x 500 µm mapped area, 10 µm spacing 
between points (step size), collect exposure time of 5 seconds, laser power 
10mw,sample exposure time of 5 seconds, wavenumber (spectrum range) was 
50 - 350 cm-1 and number of collection 10 x 10. 
 
2.3.7 Swelling ratio measurement 
The determination of the swelling capacity of hydrogel samples was performed 
gravimetrically.  Three replicates of pre-weighed dry hydrogel discs (~0.5mg), 
10 mm ø x 20 mm length from each different composition were studied. 
Samples were stored in glass vials under 10 ml of distilled water at 25°C and at 
pre-determined time intervals, over a period of up to 24 hours, the change in 
mass was determined. Swollen hydrogels were removed and excess water was 
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blotted from the samples surfaces, by using meshing tissue to facilitate transfer 
of the swollen samples from water to weighing scales. The change in sample 
mass was subsequently recorded and the gravimetric time-dependent swelling 
ratio was calculated according to equation 2.6. 
Percentage Swelling (%) =  
𝑊𝑡−W0
W0
 × 100       (2.6) 
 Where Wt is the weight of swollen gel at time t, and W0 is the initial weight of 
initial Hydrogel sample(20). 
2.3.8 Deswelling measurement 
A deswelling experiment was performed using graduated glass cylinders, where 
exactly 2ml of each hydrogel composition was measured using a suitable pipet, 
and poured into prewashed and dried graduated glass cylinders and allowed to 
set for 10 minutes, at room temperature. Hydrogel samples were then covered 
with deionised water (2ml) at 62 °C and maintained at 62 °C for 24 hours, 
images were captured at 10, 30, 60, 120, 240, 360, 480 and 1440 minutes. The 
captured images were analysed using ImageJ version number 150 software to 
measure the outer dimensions of each sample at different time points. 
Dimensional time-dependent deswelling ratio was determined for each 
composition according to equation 2.7. 
Percentage deswelling (%) =  
𝐷𝑖−𝐷𝑡
𝐷𝑖
 × 100     (2.7) 
Where Dt is the outer dimensions of de-swollen gel at time t, and Di is the initial 
outer dimensions of control sample. 
2.4 Lower critical solution temperature measurements 
Lower critical solution temperature is an important characteristic for 
thermoresponsive polymers such as pNIPAM, where the polymer chains 
undergo coil to globule conformation changes during sol to gel transformation 
around the LCST which is ~32°C as mentioned previously in Chapter 1.4. 
Thermally responsive polymers are applicable in different fields, one of which is 
tissue regeneration, where injectable hydrogels potentially used to deliver 
cells/drugs into human body. Therefore, LCST is crucial to be understood and 
consider when development for this material is needed. In the current study 
LCST was measured using digital thermometer with ultra-thin needle probe 
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(Ø1.1 x 60 mm) (Sous Vide Thermapena, UK). Three millilitre of each hydrogel 
composition was poured into glass vial at 55°C, needle probe was immersed 
immediately into the liquid hydrogel and changes in sample temperature was 
observed until solidification was detected, by either transparency or increase 
the hydrogel viscosity.  
2.5 Surface roughness measurements 
Surface roughness is a crucial characteristic for scaffold materials, due to its 
correlation to other properties such as; surface biocompatibility, fluid adhesion 
(23). In the current work surface roughness of pNIPAM based Laponite® 
hydrogels was measured using atomic force microscopy (AFM) and infinite 
focus microscopy (IFM).  
2.5.1 Atomic force microscopy measurements (AFM) 
Spin coated samples for different L-pNIPAM based compositions were prepared. 
To make L-pNIPAM films, 60 µl of hydrogel was placed on a glass slide (Leica 
Microsystem Milton Keynes, UK) at 50°C.  Using a spin coating system 
(Electronic Micro Systems (EMS), England, Quorum, Q300T T) the hydrogel 
was spin coated at 1000 rpm onto the surface of the glass slide, forming a flat 
polymer composite film. AFM Bruker multimode was used to identify the 
topography of L-pNIPAM films, using tapping mode with a scanning range of 2 
X 2 µm². 
2.5.2 Infinite focus microscopy measurements (IFM) 
Hydrogel samples were prepared by pipetting 60 ml of each different hydrogel 
composition on a glass slide (Leica Microsystem Milton Keynes, UK) at 50°C, 
and allowed to solidify overnight at room temperature. 3-D images of each L-
pNIPAM film with different crosslink density was used to measure average 
surface roughness, using infinity focus microscope with measurement settings 
as follows: exposure time of 2.85 ms, magnification at 50x, estimated vertical 
resolution at 11.991 nm and estimated lateral resolution at 5.0096 μm. 
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2.6 Cell culture within Poly (N-Isopropylacrylamide) - Based 
Laponite® Hydrogels 
Rat stem cells were used initially to screen cytocompatibility of the different 
pNIPAM based Laponite® hydrogels. Once cytocompatibility was confirmed, 
further cell studies were conducted using human mesenchymal stem cells 
(hMSCs). 
2.6.1 Cell culture 
Rat stem cells (extracted in the lab and supplied by Dr. Abbey Thorpe) and 
human mesenchymal stem cells (Lonza) were maintained in DMEM media (Life 
Technologies, Paisley UK) supplemented with 10% v/v heat inactivated foetal 
calf serum (FCS)(Life Technologies, Paisley UK), 100U/ml Penicillin (Life 
Technologies Paisley UK), 100 μg /ml Streptomycin (Life Technologies Paisley, 
UK), 250 ng/ml amphotericin (Sigma, Poole UK), 2 mM glutamine (Life 
Technologies, Paisley UK) and 10 μg/ml ascorbic acid (Sigma, Poole UK) 
(complete cell culture media). Cells were expanded in monolayer culture upto 
passage 9 to ensure sufficient cells were available. 
Subsequently, cells were seeded at density of 1 X 106   cells / ml either layered 
on or suspended into different compositions of Poly (N-Isopropyl acrylamide) - 
Based Laponite® Hydrogel (L-pNIPAM (0.5),L-pNIPAM (1), L-pNIPAM (1.5), L-
pNIPAM90-co- HPA10(1) and L-pNIPAM90-co- HEMA10(1)) with and without 
hydroxyapatite incorporated into the hydrogel as differentiation factor(21). 
To prepare layered cultures, 300μL of hydrogel was added to each well of the 
48 well plates and allowed to solidify at room temperature for 10 minutes. 
Subsequently, 300 μL of cells at a cell density of 1 X 106   cells/ml in complete 
media was applied to the surface of each well and further 100 μL of media was 
added. Then, the plates were incubated at 37 °C and 5% CO2 and maintained in 
culture up to 14 days. 
To prepare cells/hydrogel suspension, cells were suspended into the hydrogel 
at cell density of 1 X 106 cells/ml and temperature of 37°C. Thereafter, 
cells/hydrogel suspension was mixed homogeneously, and 300 μL of 
cells/hydrogel was added into each to each well of the 48 well plates and 
allowed to solidify at room temperature for 5 minutes.  100 μL of complete 
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media was added. Subsequently, the plates were incubated at 37 °C and 5% 
CO2 and maintained in culture up to 14 days. 
2.6.2 Cytocompatibility assessment of hydrogel scaffolds 
Metabolic cell activity of L-pNIPAM hydrogels was determined following 0, 2 and 
7 days of culture in normal media, cultured in 5% O2 at a density of 1 x 10
6 
cells/ml were assessed using Alamar blue assay (Life Technologies, Paisley 
UK), where the manufacture's protocol was followed. Fluorescent intensity was 
recorded using a fluorescence microplate reader (CLARIOstar, BMG 
LABTECH), with fluorescence excitation wavelength of 590 nm. Corresponding 
units of fluorescence were recorded and normalised to acellular control 
hydrogels and used to determine cytocompatibility. Alamar blue is an assay 
reagent for cell viability, which contains fluorescent nontoxic blue dye. The dye 
works as an oxidation-reduction indicator, which exhibits varied colorimetric 
responses to cellular metabolic reduction. The fluorescence intensity is 
proportional to the live cells number(22). 
2.6.3 Matrix deposition within hydrogel's structure 
Matrix deposition was investigated in different compositions of L-pNIPAM 
hydrogel, with and without cells following 48 hours, 2 and 4 weeks incubation. 
For each composition, triplicate samples were removed from culture and fixed in 
paraformaldehyde/PBS (4% w/v) overnight. Samples were then washed in PBS 
prior to embedding in paraffin wax using TP1020 tissue processor (Leica 
Microsystems, Milton Keynes, UK). Subsequently, 4 µm sections were mounted 
onto positively charged slides (Leica Microsystems, Milton Keynes, UK). All 
sections were transferred to Sub-X (Leica Microsystems, Milton Keynes, UK) (3 
X 5 min) for dewaxing. Then, rehydrated using IMS (Fisher, Loughborough, UK) 
(3 X 5 min) before washing in distilled water for 5 minutes.   
Sections were directly stained using different histological staining as follows: 
1. For cell morphology Haematoxylin and Eosin (H&E) was used, where 
sections stained with Mayer's Haematoxylin (Leica) for 2 minutes, rinsed in 
water for 5 minutes and transferred to Eosin (Leica) for 2 minutes. 
2. Proteoglycan deposition was assessed using 1% w/v Alcian Blue (pH 2.5) 
which detects glycosaminoglycans (Sigma Aldrich, Poole UK), where 
sections were firstly covered with 3% v/v acetic acid (Sigma Aldrich, Poole 
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UK), stained in 1% w/v Alcian Blue (pH 2.5) for 5 minute, washed with acetic 
acid for 1minute and distilled water for 2 minutes and covered with 1% 
Neutral Red (Sigma Aldrich, Poole UK) for 5 minutes.  
3. Calcium deposition was assessed using Alizarin Red (Sigma Aldrich, Poole 
UK) at concentration of 2% w/v in distilled water (pH 4.2), where sections 
were covered with Alizarin Red for 5 minutes and subsequently washed with 
acetone for 30 seconds. 
4. Collagen deposition was assessed using Masson's Trichrome (Bio-Optica, 
Miller & Miller (Chemicals) Ltd, Hainault UK), according to the manufacturer's 
instructions.  
Subsequently, stained sections were immersed in IMS (4 X 5 minutes) to 
dehydrate and then transferred to Sub-X (3 X 5 minutes) to clear and mounted 
in Pertex (Leica Microsystems, Milton Keynes UK).  
An Olympus BX51 microscope was used to study all slides and collect images 
of different hydrogel compositions, both with and without cells, following 48 
hours, 2 and 4 weeks incubation. Olympus BX51 microscope was used to 
visualise all slides and images captured by digital camera and capture PRO 
OEM v8.0 software (Olympus 1.17 cellSens standard, UK). 
Images were captured using digital camera and Capture Pro OEM v8.0 
software (Olympus 1.17 cellSens standard, UK). The matrix staining intensity of 
all slides was evaluated using line profile analysis on Capture Pro OEM v8.0 
software; ten randomly selected fields for each image were used to conduct line 
profile analysis. The resultant intensity measurements of each different 
composition were compared to each relevant and control sample, to investigate 
the influence of composition on differentiation of hMSC. 
2.6.4 Immunohistochemistry assessment of apoptosis and phenotypic 
characteristics    
Caspase 3 as a marker of apoptosis was used to assess the potential induction 
of controlled cell death as an indication of cellular viability, collagen type I and 
osteopontin were selected for immunohistochemistry to determine the 
phenotypic characteristics of NP tissue explants and delivered hMSCs. 
Immunohistochemistry was performed as follow:   
4 µm paraffin sections were de-waxed in Sub-X, and rehydrated in industrial 
methylated spirits (IMS) prior to rehydrate in distilled water. Sections were 
subjected in Sub-X and IMS overnight, where 12 baskets filled with different 
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concentrations of Sub-X and IMS, and sections were immersed in each basket 
for 1.5 hour. After that, endogenous peroxidase blocked using hydrogen 
peroxide (Sigma, Aldrich Poole UK). From this, sections were washed in tris-
buffered saline (TBS; 20 mM tris, 150 mM sodium chloride, pH 7.5). Sections 
were then subjected to antigen retrieval protocols (Table 2.2). Following this, 
sections were washed with TBS and nonspecific binding sites were blocked at 
RT for 90 minutes in 25% w/v serum (Abcam, Cambridge,UK) (Table 2.2) and 
1% w/v bovine serum albumin in TBS. Primary antibody was applied (Table 2.2) 
and sections incubated overnight at 4 °C. Negative controls in which mouse or 
rabbit IgGs (Abcam Cambridge UK) replaced the primary antibody at an equal 
protein concentration were used (Table 2). Sections were washed in TBS and 
incubated for 30 mins in 1:500 biotinylated secondary antibody (Table 2.2). 
Disclosure of secondary antibody binding was by the HRP-streptavidin biotin 
complex (30 minutes incubation) (Vector Laboratories, Peterborough, UK), TBS 
washing, followed by application of 0.08% v/v hydrogen peroxide in 0.65 mg/ml 
3,30 diaminobenzidine tetrahydrochloride (Sigma Aldrich, Poole UK) in TBS (20 
min incubation). Sections were then counterstained with Mayer’s haematoxylin, 
dehydrated in IMS, cleared in Sub-X and mounted in Pertex. Olympus BX51 
microscope was used to visualise all slides and images captured by digital 
camera and capture PRO OEM v8.0 software (Olympus 1.17 cellSens standard, 
UK). Evaluation of IHC staining was performed by Professor Le Maitre by 
counting immuno positive and immuno negative cells for all cells within each 
hydrogel section and immunopositive cells expressed as a percentage of total 
count.  
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Table 2.2: Target antibodies used for IHC and their optimal concentrations and antigen retrieval methods. 
 







1:400 None Goat anti rabbit Goat 
Collagen type I 
Mouse monoclonal 
(ab34710) 




1:400 None Rabbit anti mouse Rabbit 
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The crosslink density of hydrogels and its effect on different properties such as 
mechanical properties(1), swelling and deswelling behaviour(2–5) and structural 
properties(2,6) has been studied intensively over the last few decades. 
However, in all cases of using clays as a crosslinker to produce polymer - clay 
nanocomposites, only a limited weight percent of inorganic clay is typically 
utilised (< 10 wt. % as the highest). This is because incorporating higher 
percentages of clay causes high structural heterogeneity of the nanocomposites 
(NCs), as a result of incomplete dispersion of the clay, which affects the 
properties of NCs negatively(7). 
Haraguchi et al. conducted studies using pNIPAM, which was initiated with free 
radical polymerisation, using potassium peroxodisulfate (KPS) as initiator. 
Polymerisation reaction temperature was at 20°C and polymer chains 
crosslinked by Laponite® XLG, to determine the effect of changing crosslink 
density on physical and mechanical properties of the hydrogels. They found that 
tensile modulus and tensile strength increased with increased clay content. In 
addition, swelling and deswelling behaviours also changed dramatically by 
changing crosslink density, where both swelling and deswelling rates were 
significantly decreased as crosslink density was increased(8). In 2016, 
Djonlagic et al. reported similar results for pNIPAM based hydrogels containing 
clay, prepared with different initiator and polymerisation method, where 
Ammonium persulfate (APS) used as initiator. They concluded that higher 
crosslink  densities resulted in stiffer hydrogels with slower swelling and 
deswelling rates(5). Different hydrogel materials have shown significant 
mechanical and structural differences as a function of crosslink density, in 2014 
Jang et al, studied the influence of crosslink density on the mechanical, 
morphological and biological behaviour of alginate as a scaffolding material. 
Calcium carbonate (CaCO3) was used as crosslinker, at different 
concentrations; they demonstrated that crosslink density affected the 
mechanical properties and morphology of alginate as well as cellular response 
within this material. They found that stiffer alginate hydrogel was shown to 
enhance differentiation of Primary chondrocytes, where collagen type II and 
aggrecan, was enhanced in the smaller pore size alginate(6). 
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In 2015 Wong et al, investigated the effects of pentaerythritol tetra-acrylate 
(PETRA) as a crosslinking agent on polyethylene oxide (PEO) hydrogels. They 
concluded that mesh size and swelling rate were decreased when PETRA 
concentration increased. Whilst tensile strength increased by increasing 
crosslink agent(2). 
In this chapter the potential effects of crosslink density on the physical and 
mechanical properties of pNIPAM hydrogel was investigated, together with 
determination of cell behaviour within different crosslink density hydrogels. 
Dynamic mechanical analysis was used to explore the influence of using 
different crosslink densities on the viscoelastic properties of pNIPAM based 
Laponite® hydrogel. Additionally, the structural and morphological properties 
were explored using scanning electron microscopy, by which the surface 
morphology and pore sizes of each composition were obtained. As mentioned 
earlier, swelling and deswelling behaviours were investigated, in order to 
explore the impact of using different crosslink densities on both swelling and 
deswelling ratio. Fourier transform infrared (FTIR) was used to explore the 
influence of crosslink density on dehydration and rehydration behaviour of the 
hydrogels. The data collected from the dehydration and rehydration studies 
used to calculate bound/free water states and the diffusion rate respectively. 
Historically, differential scanning calorimetry (DSC) has been used semi-
routinely to investigate the physical water state in the hydrogels(9–11). Since 
DSC was the standard technique to calculate water states(12,13), in the current 
study DSC has been used to validate the results obtained by using Fourier 
Transform Infrared.  
Water contact angle has been measured for pNIPAM Laponite® dried films with 
different crosslink densities, because wettability is a crucial property of all 
biomaterials, as it relates to many other properties such as biocompatibility (14–
17). Spin coated samples on glass microscope slides were used to measure the 
water contact angle for different crosslink density of pNIPAM based Laponite® 
films, to consider the potential different surface roughness for different samples, 
that has a strong influence on the surface water contact angle(18) . In other 
studies(5,19), swollen hydrogel samples and ''as prepared'' hydrogel were 
investigated using water contact angle, where contact angle increased as 
crosslink density increased, despite the hydrophilic nature of the clay. This 
69 
 
abnormal hydrophobicity was considered to be the result of other factors such 
as hydrogel water content and surface roughness(19) which was considered in 
this work by using spin coated samples and examination of surface roughness 
for each sample.  
It is extremely difficult to consider the actual geometry of the surfaces(20,21), 
where even the smooth surfaces exhibit a complex mix of geometric aspects. 
However, different techniques provide qualitative and quantitative 
characterisation that help to judge whether the surface is smooth or rough, also 
the degree of the roughness. Atomic surface roughness (AFM) gives precise 
information on the surface characterisation(21–23). It is an effective tool for the 
high resolution examination of the surface, where it avoids artefacts due to 
dehydration and coating(24).  In the current work scanning electron microscopy 
and atomic force microscopy were used to explore the surface morphology and 
surface roughness in micro and nanoscale respectively. 
 
3.2 Methods 
3.2.1 Synthesis of pNIPAM Laponite® hydrogels with different crosslink 
densities 
Methods of hydrogel synthesis and experimental work were detailed in Chapter 
2.2. Hydrogels containing pNIPAM and Laponite® alone will be referred to as L-
pNIPAM, with the numbers 0.5, 1 and 1.5 etc. in parentheses used to 
distinguish between formulations with different crosslink densities. When no 
number is shown (e.g. L-pNIPAM) then the crosslink density is 1% by weight. 
3.3 Results 
3.3.1 Morphological study and pore size determination   
Typical SEM images of L-pNIPAM hydrogels with crosslink densities of 0.5, 1 
and 1.5% by weight respectively allow an insight into their internal structure 
(Figure 3.1). A honeycomb like structure was observed within the hydrogels 
which was affected by crosslink density, where the shape, size and the number 
of the pores was shown to be dependent on the crosslink density (Figure 3.1).   
In previous studies, the pore size of hydrogels was shown to play an important 
role and affected properties such as mechanical properties(6,8), swelling and 
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deswelling(25) and cell behaviour(26). Since the pore size of a hydrogel is 
crucial for cell viability and proliferation, the pore size distribution was selected 
in this study to explore the morphological changes, related to the use of 
different crosslink densities. Where the diameter of each pore was measured 
(μm) manually using the Capture Pro OEM v8.0 software (Media Cybernetics, 
Buckinghamshire, UK).  
Plotting the pore size distribution from six such SEM images of each hydrogel 
composition, with their medians as a function of crosslink density (Figure 3.2), 
facilitates the determination of the impact that crosslink density has on the 
hydrogel internal structure. Measured pore sizes were in the range of 1.5 to 42 
μm (Figure 3.2). 
The pore size of the hydrogel was shown to significantly decrease 
systematically when the crosslink density was increased (p≤0.05) (Figure 3.2), 
indicating a direct link between the internal structure of the hydrogels and 
crosslink density. Where the median of the hydrogel pore size was found to be 
16, 13 and 8 μm for L-pNIPAM (0.5), L-pNIPAM (1) and L-pNIPAM (1.5) 
respectively. Furthermore, with an increase in crosslink density of the 
hydrogels, pore size was more uniform (Figure 3.2).  
Jang et al (6) and Wong, R. et al (2) have shown that increasing crosslink 
density of hydrogel materials decreases pore sizes. Jang et al investigated the 
effect of crosslink density on structural properties calcium carbonate as 
crosslinker on the pore sizes of sodium alginate hydrogel material, which is 
commonly used in tissue engineering. Within this study average pore sizes 
were evaluated through geometrical measurements on SEM images. In the 
current study, scanning electron microscopy images were analysed in a similar 
way and the findings were similar, increasing crosslink density led to a decrease 
in average pore size.  
In 2015 Wong, R. et al, investigated the effect of the concentration of 
pentaerythritol tetra-acrylate (PETRA) as the crosslinking agent on the 
morphology of polyethylene oxide (PEO) hydrogels. They used two different 
methods to estimate and calculate the pore sizes. Firstly, they visually 
estimated the pore sizes using SEM images. Then they calculated the pore 
sizes based on equilibrium swelling ratio of PEO hydrogel. Both procedures 
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have showed comparable results, where pore sizes decreased with the 

































Figure 3.1: Scanning electron microscopy images of L-pNIPAM hydrogels with 





















































Figure 3.2: Statistical analysis of pore size of L-pNIPAM hydrogels with 
crosslink densities of 0.5, 1 and 1.5% w/w. *=P<0.05. 
 
3.3.2 Dynamic Mechanical Analysis (DMA) frequency scan data of PNIPAM 
based Laponite®  
The storage modulus of L-pNIPAM hydrogels with different crosslink densities 
was determined using DMA in frequency compression mode. The storage 
modulus (E’) values, for all hydrogel samples studied, did not increase as a 
function of increasing frequency (Figure 3.3), meaning L-pNIPAM with different 
crosslink density did not exhibit viscoelastic behaviour. As the storage modulus 
(E’) for all formulations was frequency independent, 10 Hz was selected to 
compare potential differences in the mechanical properties between each 
different crosslink density of hydrogel samples (Figure 3.4). The hydrogel with 
the lowest crosslink density, L-pNIPAM (0.5), showed the lowest storage 
modulus values with a range of 7.7 X 105 - 3.5 X 106 pascal. For L-pNIPAM (1) 
the range was 5.8 X106 - 3.2 X 107 pascal, and for the hydrogel with the highest 
crosslink density, L-pNIPAM (1.5), it was 2.2 X 107 - 6 X 107 pascal. It is clear 
that the variation between storage modulus values of each composition 
decreased as hydrogel stiffness increases, meaning stiffer hydrogels were more 
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reproducible in this experiment (Figure 3.4), due to difficulty in handling the 
weaker gels.  
Increasing the crosslink density was shown to significantly increase the storage 
modulus systematically in a linear manner (p≤0.05) (Figure 3.4). 
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Figure 3.3: Dynamic Mechanical Analysis (E' values) of pNIPAM based 























































Figure 3.4: Influence of crosslink density on storage modulus determined by 
DMA in compression mode at 10Hz. *=P<0.05. n=6. 
 
These findings are in full agreement with Haraguchi et al(27), Kumar et al(28) 
and Djonlagic et al (25), who all demonstrated that an increase in crosslink 
density of pNIPAM based hydrogels increased the mechanical stiffness. 
For different hydrogel systems Jang et al (6), Lee k. et al(29) and Wong, R. et al 
(2) showed that the highest crosslink density hydrogel is mechanically the 
stiffest, for alginate and polyethylene oxide respectively. Jang et al investigated 
the effect of the concentration of calcium carbonate as a crosslinker on the 
mechanical stiffness of sodium alginate. They used CaCO3 concentrations of 
36, 72 and 144 mM and the relevant average compressive modulus were 4.647, 
16.187 and 36 kPa respectively(6).  
Lee k. et al, showed that mechanical properties of sodium alginate hydrogels 
can be controlled using different kinds of crosslinking molecules and varied 
crosslink densities. They used Ca2+ and Poly- (ethylene glycol) with different 
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molecular weights. Where they found that the shear modulus of alginate varied 
depending on the crosslinker type and crosslink density(29). 
According to Wong, R. et al, (Year) whom investigated effects of crosslink 
densities of polyethylene oxide (PEO) hydrogel films, on mechanical properties. 
Pentaerythritol tetra-acrylate (PETRA) was used as a crosslinker with 
concentrations of 1% w/w, 2.5% w/w, 5% w/w, and 10% w/w. With increases in 
tensile strength seen with increasing crosslink density (2). 
In 2006 Metz, J. et al studied the influence of crosslink density on the 
compressive strength of hydrogel contain poly (e-caprolactone) maleic acid with 
molecular weight of 900 (PCLTMA) and poly (ethylene glycol) diacrylate 
macromer (PEGDA) with molecular weight of 400. The studied hydrogel was 
generated using chemical photo crosslinking with three different ratios of 
PEGDA to PCLTMA: 25/75, 50/50 and 75/25, where 75/25 hydrogel was stiffer 
than the other compositions(30). 
In this pNIPAM based Laponite® hydrogel system, it was also observed that 
increasing the crosslink density significantly increases the stiffness (p≤0.05) in a 
systematic manner (Figure 3.4), with a decrease in the average pore sizes of 
the hydrogels, playing a part in this phenomenon.  
Generally, L-pNIPAM hydrogels possess mechanical strength less than those 
observed in natural tissue, which is not ideal if this material is to be used as a 
scaffold to regenerate natural tissue. However, the mechanical properties of L-
pNIPAM hydrogels were improved, when synthetic hydroxyapatite was 
incorporated within this hydrogel(31), and further enhancement was observed 
when human mesenchymal stem cells (hMSC) were seeded in their 
structure(31,32). These findings will be followed up in subsequent chapters. 
 
3.3.3 Determination of swelling and de-swelling kinetics   
3.3.3.1 Swelling behaviour  
The determination of swelling ratio of 0.5, 1 and 1.5% by weight L-pNIPAM 
hydrogels at 25°C, in distilled water was performed to explore the effect of 
Laponite® concentration on the swelling behaviour. All hydrogel samples show 
typical swelling behaviour of hydrogel materials, where the swelling ratio of 
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pNIPAM hydrogels at all Laponite® concentrations increased with time and 
reached the equilibrium state in the first 12 hours (Figure 3.5), with significant 
differences (p≤0.05) in the amount of water that can be held in their internal 
structures after reaching the equilibrium swelling state at the end of the 
experiment (t=1440minutes)(Figure 3.6). Higher concentrations of Laponite® 
resulted in significantly lower swelling percentages due to increased numbers of 
crosslinks restricting the movement of polymer chains(3). Thus the expansion of 
the hydrogel structure became more difficult as crosslink density increased, due 
to increased hydrogel stiffness. 
Wong, R. et al,  Ren H. et al, and Cates, R. S. et al (2–4), demonstrated that 
increasing crosslink density of hydrogels decreased the percentage swelling 
ratio in PEO, Laponite® crosslinked pNIPAM and organically crosslinked 
pNIPAM hydrogel systems respectively.  
In a previous study by Yacob N. et al, the effect of irradiation dose on pore size 
and swelling behaviour of hydrogels prepared from natural and synthetic 
polymers using irradiation electron beams of 0 kGy, 5 kGy 25 kGy and 40 kGy 
was investigated. Concluding that changes in internal structure of Polyvinyl 
pyrolidone / carrageenan hydrogels altered the swelling ratio of this material in 
distilled water (33) 
 
The current study has shown similar results in the influence of crosslink density 
on swelling characteristics, where changes in hydrogel's structure on raising the 
crosslinker content, reduced the ability of the hydrogel to absorb water, thereby 
decreasing the interconnected pore channels as paths that water can diffuse 
through. In addition mechanical properties could be a factor to impact on the 
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Figure 3.5: Swelling ratio of L-pNIPAM hydrogels with crosslink densities of 0.5, 




















































Figure 3.6: Equilibrium swelling state of L-pNIPAM hydrogels with crosslink 
densities of 0.5, 1 and 1.5% w/w at 1440 minutes, shows Statistical differences 




3.3.3.2 Deswelling behaviour 
L-pNIPAM hydrogels possess a lower critical solution temperature at ~ 32°C, as 
pNIPAM, is a thermally responsive polymer. Thermally responsive hydrogels 
could be used in wide range of biomedical applications, including drug delivery 
where the shrinkage these materials undertake in response to thermal changes 
can expel drugs held within them. Therefore, it is important to investigate the 
influence of crosslink density on hydrogel shrinkage as a response to thermal 
changes. 
In this study deswelling as a response to thermal changes from 25 °C to 62 °C 
varied, depending on the crosslink density, where an increase in crosslink 
density, resulted in a decrease in deswelling response rate. This reduction was 
thought to be due to changes in internal structure of pNIPAM based Laponite® 
hydrogel that affected the diffusion of water out of the hydrogel during thermal 
shrinkage (Figure 3.7 & 3.8). In addition, an increase in the amount of Laponite® 
resulted in more non-thermosensitive moiety into pNIPAM backbone, which 
restricted the water flow from the interior hydrogel structure as a result of 
impermeable nature of the collapsed surface layer(34). Also increased crosslink 
density was shown to increase hydrogel stiffness, which may affects the degree 
in which the hydrogel shrank as a response to thermal changes. These results 
are in good agreement with previous studies investigated effect of crosslinker 
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Figure 3.7: Deswelling ratio of L-pNIPAM hydrogels with crosslink densities of 

























































Figure 3.8: Maximum deswelling degree of L-pNIPAM hydrogels with crosslink 
densities of 0.5, 1 and 1.5% w/w at 1440 minutes, shows statistical differences 
between each composition. *=P<0.05. n=3. 
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3.3.4 Water states and water/polymer interactions 
A good understanding of water/ polymer interactions or water dynamics within 
polymeric systems is very important for the development of such systems, and 
the water state existing in, evaporating from, and being absorbed into or 
interacting with such systems has received numerous attention (36–39). In this 
work dehydration and rehydration behaviour, water/polymer interactions and 
water states within different formulations of pNIPAM based Laponite® hydrogel 
were investigated. 
 
3.3.4.1 Dehydration study 
Real-time Fourier transform infrared attenuated total reflectance (FTIR-ATR) 
spectroscopy is a convenient and accurate method to study diffusion and 
absorption kinetics in polymers(39,40). Barbari et al determined diffusion 
coefficients for polymers measured from FTIR-ATR spectroscopy were in 
agreement with those measured gravimetrically(41). 
Hydrogel samples were synthesized as described in Chapter 2.2; 30µl of each 
different formula was pipetted directly onto the ATR crystal which had been pre-
set to 25˚C. Data collection was immediately begun with 8 scans per spectrum 
at a resolution of 8cm-1 on a Thermo Nicolet Nexus instrument, using a series 
setup, a spectrum was taken automatically every 30 sec for 800m (13.3h). For 
clarity, selections of spectra at different time intervals during drying of L-
pNIPAM (1) have been chosen, to facilitate the monitoring of the drying of 
hydrogel samples in real time by tracking the decrease in intensity of the (OH) 
band between 3600-3100 cm-1 (Figure 3.9). Expansions of these spectra are 
shown in Figure 3.10 and 3.11, to highlight the observable peak intensity and 
peak shifts changes during the drying process (Figure 3.10 and 3.11). The 
(OH) band between 3600-3100 cm-1 shows the amount of water within the 
hydrogel during the drying of the sample, and the (NH) band (1550cm-1) was 
selected to represent polymer concentration during dehydration. The intensity of 
the (OH) band between 3600-3100 cm-1 was used to observe changes in 
hydrogel states, as the water being lost. 
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The integrated intensity of the (OH) band over the duration of the 800 minutes 
experiment was plotted as a function of time (Figure 3.12). Hydrogel samples 
exhibited reorganisation in structure, with a small degree of shrinkage when the 
sample changed from liquid to gel, due to the decrease the temperature around 
lower critical temperature (LCST) of pNIPAM, causing a slight increase in 
intensity of this band (Figure 3.12), Due to the reduction in hydrogel 
temperature between 50˚C and 25˚C. This observation was also made by 
Boyes, V. et al, when the influence of temperature on intensity of (OH) band in 
L-pNIPAM, where a range of temperature between 40-24 ˚C was used. Where 
an increase in intensity of (OH) was observed as temperature reduced from 40 
to 24˚C. This increase in intensity of (OH) band was suggested to be due to 
less interactions between water- water and water-polymer in a relatively high 
energy system (39). Thereafter more water evaporated from the system and 
one can observe a decrease in the (OH) band intensity (Figure 3.12). 
Plotting the intensity of (OH) band between 3600-3100 cm-1 as a function of 
time for different Laponite® concentrations of pNIPAM based Laponite® 
hydrogel samples (Figure 3.13) allows the influence of crosslink density on 
dehydration rate to be elucidated.  
Dehydration rates for different crosslink density pNIPAM based Laponite® 
hydrogel are shown in Figure 3.13, where an increase crosslink density 
decreased dehydration rate (Figure 3.13). This could be due to multiple factors, 
one of which is the reduction of the interconnected pore channels that allow 
water to diffuse through. In addition, an increase crosslink density was shown to 
reduce flexibility of L-pNIPAM hydrogels which negatively impacted on the 
water diffusivity through the sample. Also, the hydrophilicity of the clay could be 
an additional factor that may affect the way in which water behaves within the 
hydrogel matrix. Whereas limited difference in dehydration rate, between L-
pNIPAM (0.5) and L-pNIPAM (1), was observed, when crosslink density 






























































































































































































































































































Figure 3.12: Kinetic profile of water evaporation from L-pNIPAM (1) hydrogel 


















Shifts in the position of (NH) band observed with time, during dehydration 
allow us to determine interactions between water and the polymer chains 
(Figure 3.14). The change in (NH) band position during water loss is plotted in 
Figure 3.14, along with the dehydration profile. This illustrates the link between 
the water content and the (NH) band position during the drying of hydrogel 
sample. Changes in (NH) band position shifts are a clear indication of a 
reduction of the number of H-bonds between polymer chains and water 
molecules as the water content was reduced. Recognising that there are three 
phases to the dehydration profile, it is proposed that the different phases can be 
explained as follows. The initial phase (first 60 minutes) shows a subtle 
increase in intensity of the (OH) and a shift in the(NH) band, indicating a 
decrease in temperature of the system and a reorganisation from the globule to 
the coil conformation of the pNIPAM as the system goes through the LCST(42). 
The next phase in the diagram (60 minutes to 300 minutes), shows a decrease 
in the intensity of the (OH) band and very subtle shifts in the(NH) band, which 
is proposed to be derived from the loss of free water from the system. The final 
phase in the diagram, the second phase of dehydration, shows a further 
decrease in the intensity of the(OH) band and greater shifts in the position of 
the (NH) band. The greater changes in (NH) band position when compared to 
the first dehydration phase are much more marked during the second phase of 





















Figure 3.14: water profiles and  (NH) band shift during dehydration of L-
pNIPAM (1), including three stages of the hydrogel during dehydration: gel, free 
and bound water lost. 
 
By drawing a straight line between the two different phases in which water has 
been lost (Figure 3.15), the quantity of the two different water states were 
estimated using dehydration data that were collected using Fourier transform 





Figure 3.15: Water profiles with two different phases of water lost. 
 
Based on the hypothesis that water is lost during the drying process(43), free 
and bound water were estimated using profile of water evaporating from 
hydrogel samples. Where two different phases can be identified (Figure: 3.15). 
Bound water percentage calculated for different crosslink density of pNIPAM 
based Laponite® hydrogels (Figure: 3.16). Where higher crosslink density 
hydrogel with smaller pore size having greater proportion of bound water 
(Figure: 3.16). The proportion of bound and free water within the hydrogels was 
verified using the 'gold standard' method of Differential scanning calorimetry 





























































































































Figure 3.16: Bound water content of pNIPAM based Laponite® hydrogel with 











Figure 3.17: Bound water content of pNIPAM based Laponite® hydrogel with 
different crosslink densities, calculated using DSC. *=P<0.05. n=3. 
91 
 
3.3.4.2 Rehydration study 
Following complete dehydration, hydrogel samples were fully dried and adhered 
to the ATR crystal. A rehydration experiment was then performed by putting 
deionised water in contact with dried sample using liquid cell holder, with the 
same setting that used in dehydration experiment except using a shorter time 
(240m). A range of spectra at different time intervals were chosen (Figure 3.18), 
to show changes in different bands within these spectra of L-pNIPAM during 
rehydration (Figure 3.18). Once more, the (OH) band between 3600-3100 cm-1 
was selected to monitor the water content of hydrogel sample, and the (NH) 
band at ~1550 cm-1 was used to monitor polymer concentration during 
rehydration (Figure 3.18). An increase in intensity of (OH) band between 3600-
3100 cm-1 was observed with time, whilst the intensity of (NH) band at ~ 1550 
cm-1 was shown to decrease (Figure 3.18) indicating swelling of the polymer 
film. In addition, the (NH) band was shown to shift to higher wavenumber as 
water was being absorbed (Figure 3.18). To highlight these observable changes 
in peak intensity and position, expansions of these spectra are shown (Figure 
3.19 and 3.20). 
Absorption of water by L-pNIPAM samples was observed as an increase in 
intensity of the (OH) band between 3600-3100 cm-1 (Figure 3.18 and 3.19). In 
addition, increased numbers of H-bonds between the sorbet water and the 
NIPAM polymer chains were indicated by shifts to higher wavenumber of the 
(NH) band ~ 1550 cm-1, as water absorbed into the sample (Figure 3.20). 
The intensity of (OH) band between 3600-3100 cm-1 over 240 minutes (Figure 
3.19) was plotted as function of time during rehydration, and  rehydration rates 
of L-pNIPAM hydrogels calculated for different crosslink densities (Figure 3.21). 
The rate at which water was absorbed into the hydrogel samples was shown to 
be influenced by the crosslink density, where increasing the crosslink density 































































































































































































































































































































Due to the reduction in pore size of L-pNIPAM and increase hydrogel stiffness, 
when crosslink density increased, water diffusion through the sample was 
reduced. Narrower interconnected paths were observed in hydrogels with high 
crosslink density, which inhibited water diffusivity through the hydrogel 
structure. In addition, an increase in stiffness of the hydrogel adversely 
impacted the capacity of internal structure by decreasing its expansion, during 









Figure 3.21: Water profiles for different cross link density hydrogels during 
rehydration (n=3). 
 
Diffusion coefficient of water through hydrogel samples was calculated 









  √𝑡      Equation 3.1 
Where (Mt) is the mass sorbet at specific time t, (M∞) is the mass sorbet at 
equilibrium, (D) is the diffusion coefficient and (L) is sample thickness. 
The relationship between the slope of the linear trend line, sample thickness 
and diffusion coefficient D is given by:  
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                            Equation 3.2 
In order to calculate D value equation 3.2 was rewritten as: 





                         Equation 3.3 
This equation was applied to calculate diffusion coefficient of water through 
pNIPAM based Laponite® hydrogel samples during rehydration process. Water 
profiles for different crosslink density were plotted as a function of square root of 
time per second, and slope of the linear proportion of the curves (< 0.5) was 










Figure 3.22: Water profile for L-pNIPAM (1), showing the slope of the linear 
portion. 
 
The diffusion coefficient (D) of L-pNIPAM (0.5), was calcualted to have a 
median value of 1.4X10-5 cm2/s and decreased when the crosslink density was 
doubled to median of 4.6X10-6 cm2/s. A further reduction in D value was 
observed when the crosslink density increased to 1.5%, where the calculated 




The diffusion coefficient for water through L-pNIPAM samples during 
rehydration process was shown to be impacted by crosslink density, where 
water diffusivity significantly decreased as crosslink density increased due to 
smaller pore sizes for higher crosslink density hydrogels. Furthermore, a high 
degree of crosslinking between polymeric chains inhibited the mobility of these 
chains, which reduced the ability of the water to diffuse through hydrogel matrix 
at high crosslink density (Figure 3.23). Sample thickness (l) is also an additional 
factor that affects the shape of the profile from which one can calculate the D 
value (equation 3.3). As it was not possible to measure sample thickness prior 
to conducting the experiment, the hydrogel sample thickness was measured 24 
hours after the rehydration experiment was finished, using digital callipers. The 
hydrogel formulation with the lowest crosslink density showed the highest 
average thickness (0.66mm). When the crosslink density doubled to 1wt. % the 
average thickness was reduced to 0.61mm, and further reduction in hydrogel 
sample thickness to 0.58mm was observed when the crosslink density was 
increased to 1.5wt.% (Table 3.1).  
Table 3.1: Average sample thickness with different crosslink density. 
Sample code 
Average sample 












Figure 3.23: Diffusion coefficient of pNIPAM base d Laponite® hydrogel with 
different crosslink density. *=P<0.05. 
 
Diffusion coefficients of L-pNIPAM samples, calculated in this study were in 
agreement with values obtained in previous studies for similar hydrogel 
systems(46–50), where D value for different hydrogel systems were in range of 
0.3 X10-5 to 1X10-7 cm2/sec. In addition, Yanbin W. et al, studied the effect of 
crosslink density on photo initiated PEG hydrogels. They used molecular 
weights of the chains ranging from 572 to 3400 Daltons, and the influence of 
increased crosslink density was explored. They found that an increase in 
crosslink density decreased water diffusivity within PEG hydrogel structure(50).  
3.3.5. Wettability measurements 
There are many vital properties of hydrogel materials, such as biocompatibility, 
adhesion and release of molecules as well as their possible applications related 
to their surface properties, it is very important to explore the surface wettability 
of these materials(51). In Figure 3.24(D), the water contact angle of L-pNIPAM 
spin coated films, with crosslink densities of 0.5, 1 and 1.5% by weight 
respectively is given, showing the impact of crosslink density on surface 
wettability. It is a clear that an increase in crosslink density decreased water 
contact angle systematically and dramatically (p≤0.05), meaning that the 






















































gradually improved by increasing Laponite® concentration as crosslinker. Water 
contact angle of hydrogel materials was intensively studied, due to the 
importance of surface/water interactions of these materials especially for 
medical applications. Several studies conducted using either hydrogel in gel 
state or swollen samples(5,19), to investigate the influence of crosslink density 
on the wettability of the hydrogel materials, have shown that water contact 
angle increased with increases in clay content. The changes in wettability of the 
hydrogel could be caused by many factors, such as water content, network 
structure and topological roughness(19). In this study, spin coated hydrogel 
samples were used to determine the effect of Laponite® content, on the water 
contact angle. SEM images of spin coated samples with various Laponite® 
contents are shown in Figure 3.24(a-c), illustrating that they all have same 
surface morphology. Water contact angle from four such spin coated samples of 
each hydrogel composition are plotted (Figure: 3.24(d)), indicating the impact of 
crosslink density on wettability of L-pNIPAM films, where an increase in 
crosslink density was shown to decrease water contact angle significantly 






Figure 3.24: a) SEM image of spin coated film of L-pNIPAM (0.5), b) SEM 
image of spin coated film of L-pNIPAM (1), d) SEM image of spin coated film of 
L-pNIPAM (1.5). Scale bar = 50 μm. d) Water contact angle of pNIPAM based 
Laponite® hydrogel with various cross link density.  *=P<0.05. n=4. 
 
3.3.6 Surface roughness study 
Surface properties of biomaterials are crucial to be considered when new 
materials are being engineered or existing ones developed. They are related to 
many other properties; such as biocompatibility, cell adhesion and 
wettability(52). In this work surface roughness was studied using different tools 
due to the possible impact on wettability of L-pNIPAM and to explore the 





3.3.6.1 Surface roughness measurements using atomic force microscopy 
The corresponding 3-D image of spin coated samples of L-pNIPAM with 
crosslink densities of 0.5, 1 and 1.5% per weight (Figure 3.25) were 
investigated for surface roughness using AFM tapping mode with scanning 
range of 2 X 2 µm².  
Both root mean square (RMS) roughness (Rq) and roughness average of the 
surface were taken from the images produced by the software (Figure 3.25). 
Where, Rq is represent the root mean square average of the roughness profile, 
and Ra represents roughness Average of the surfaces measured microscopic 
peaks and valleys. 
The hydrogel with the lowest crosslink density exhibits a relatively smooth 
surface with roughness of: (Ra = 0.690 nm, Rq = 0.856 nm). Whilst the other 
two crosslink density samples exhibit significantly rougher surfaces (p≤0.05), 
while roughness average (Ra) and the root mean square roughness (Rq) were 
(Ra =1.06 nm, Rq = 1.31 nm) and (Ra =1.15 nm, Rq =1.42 nm) for L-pNIPAM 
(1) and L-pNIPAM (1.5) respectively (Figure 3.25). Whilst this failed to reach 
significance, surface roughness appeared to increase with increased crosslink 
density. Therefore, increase surface roughness increased wettability of L-












































































































































3.3.6.2 Surface roughness measurements using infinite focus microscopy 
(IFM) 
3-D images of each L-pNIPAM film with different crosslink density was used to 
measure average surface roughness, using infinity focus microscope with 
measurement settings as follows: exposure time of 2.85 ms, magnification at 
50x, estimated vertical resolution at 11.991 nm and estimated lateral resolution 
at 5.0096 μm. 
Average surface roughness of hydrogel samples was shown to increase linearly 
by increasing crosslink density (Table 3.2). As fully dried samples were used to 
measure surface roughness, an increase in Laponite® platelets could have 
resulted in a rougher surface as they moved to the surface during the film drying 
stage. According to these results, surface roughness enhanced the wettability of 
the hydrogel when the crosslink density increased. Compared to AFM results 
the surface roughness values obtained using IFM were much higher, due, 
perhaps, to using different sample preparation methods. For AFM, spin coated 
films were used, whilst in IFM samples were pipetted directly on glass slides 
and left to dry overnight at room temperature. Therefore, surface roughness 
became higher as a result of shrinkage of the samples during drying. 
 








3.3.7 Influence of crosslink density on cell behaviour 
Rat stem cells were used initially to explore cell viability within pNIPAM based 
Laponite® injectable hydrogel with different crosslink density. Where Alamar 






Blue assay was used as a measure of metabolic cell activity and thus 
representative of the total number of viable cells, was assessed over 7 days in 
culture (Figure 3.26). A significant decreased in metabolic cell activity was 
detected in day zero samples between L-pNIPAM (1.5) compared to cells 
cultured in L-pNIPAM (0.5 and 1) (Figure 3.26). This could be as a result of 
smaller pore size for L-pNIPAM(1.5), meaning less space for cells to occupy 
(Figure 3.26), where cells normally fill the pores of the hydrogel when cultured 
within this material(53). 
Annabi N. et al, studied effects of pore size of α - elastin hydrogels, where they 
succufully produced high porous crosslinked α - elastin hydrogels, by using high 
pressure of CO2 at 60 bar(54). Hydrogel synthesised with this method was less 
dense than α - elastin that produced at atmosphere pressure. They found that 
highly porous hydrogel promoted cellular penetration and growth of human skin 
fibroblast cells throughout the α - elastin hydrogel matrix(55).  
From zero to two days in culture a significant decrease in metabolic cell activity 
was observed in all crosslink densities hydrogels, before a significant increase 
on day 7 in all composition that studied in this chapter (Figure 3.26). 
Interestingly, on day 7 a significant decreased was detected in metabolic cell 
activity within L-pNIPAM (0.5), when compared to other two crosslink densities 
hydrogels (Figure 3.26). This could be as a result of very big pore size that 












































































































































































































Metabolic cell activity level and total number of viable cells, within pNIPAM 
based Laponite® injectable hydrogel with different crosslink densities, were 
verified using human mesenchymal stem cells (hMSC). Results showed that the 
lowest metabolic cell activity level on day 0 was observed in highest crosslink 
density that has the smallest pore size (Figure 3.27). This result could also be 
due to a lack of water diffusivity, which will affect nutrient transfer to cells. 
Similar results were obtained to those seen in rat stem cells; metabolic cell 
activity was decreased on day 2 within all compositions, due to changing in 
surrounding environment of cells, where they transferred from monolayer 
culture to hydrogel matrix (Figure 3.27). On day 7 significant increases were 
detected in metabolic cell activity within all compositions (Figure 3.27). On day 7 
cells cultured within L-pNIPAM (1) showed slightly higher metabolic cell activity 
(Figure 3.27), suggesting an ideal pore size for maintance of cells. 
Pore size and hydrogel stiffness influenced the cell viability within pNIPAM 
based Laponite® injectable hydrogel, where those two factors affected water 
diffusivity which is a crucial for cells, as this responsible for nutrition, oxygen 
diffusion and waste removal.  
Tiantian G. et al explored the influence of pore size on viability of HepG2 cells, 
cultured for 21 days within poly (N-isopropylacrylamide-co-2-hydroxyethyl 
methacrylate) (p(NIPAM-HEMA)) microgel. They found that the reduction in 
pore size of hydrogel decreased the number of live cells(56).  
Their result was in agreement with our findings.  However, pore size was not 
affected the cell viability in linear manner in the current study. As the highest 
number of live cells was recorded within pNIPAM (1), due to two factors that 
affected cell viability within pNIPAM based Laponite® injectable hydrogels, 
where very small pores constricted diffusion of oxygen and nutrients to the cells, 
as well as reduced waste removal. In contrast the biggest pores were observed 
to negatively influence the number of life cells, as a result of very big spaces 
that need to be covered with cells to grow, and very big pores decreased 







































































































































































































Cell viability and the number of live cells, were shown that the previous 
hypothesis of bigger pore size hydrogels increase the cell viability within their 
structures(57,58), is not always correct, where in this pNIPAM based Laponite® 
injectable hydrogel, bigger pores decrease hydrogel stiffness, that negatively 
affected cell behaviour. 
3.3.7.1 Scanning electron microscopy investigation 
Hydrogel samples with human mesenchymal stem cells (hMSC), either layered 
or suspended in hydrogel for two weeks, were examined with SEM at different 
magnification to explore the influence of crosslink density on cell migration 
within hydrogel structure.  
3.3.7.1.1 Scanning electron microscopy investigation of human 
mesenchymal stem cells (hMSC) layered on hydrogel samples surface. 
Scanning electron microscopy images of hMSC cells cultured on the surface of 
L-pNIPAM with different crosslink density, are shown in Figure 3.28 and 29, 
where cells cultured on hydrogel surface after 10 minutes of solidification. Cells 
can be seen to occupy the pores of honeycomb like structure of hydrogels with 
spherical morphology (Figure 3.28 and 29). This is visibly influenced by 
hydrogel porosity, where denser structures were observed in hydrogel with 
cultured cells, when compared to no cell controls. Since SEM images were 
taken of fractured hydrogels to show surface as well as inside the hydrogel, to 
explore whether the culture cells were migrated within the hydrogel or not. It is 
clear that all hydrogels with different crosslink density have cells migrated within 































Figure 3.28: Scanning electron microscopy (SEM) of hMSC layered on hydrogel 
surfaces for 2 weeks and acellular hydrogels with crosslink density of 0.5 and 











Figure 3.29: Scanning electron microscopy (SEM) of hMSC layered on hydrogel 
surfaces for 2 weeks and acellular hydrogels with crosslink density of 1.5wt. %. 
Red arrows show cells within the pores. Scale bar = 100 and 30 μm. 
 
3.3.7.1.2 Scanning electron microscopy investigation of human 
mesenchymal stem cells (hMSC) suspended in hydrogel samples. 
Hydrogel samples were synthesised with crosslink density of 0.5, 1 and 1.5wt. 
%, as described in Chapter 2.2. Samples were mixed with cell suspension at a 
density of 1x106 cells/ml and images were taken using scanning electron 
microscope (SEM). Images were visually analysed and their structure was 
compared to each relevant and control samples. The honeycomb like structure 
of pNIPAM based Laponite® injectable hydrogel was shown to be deformed by 
cells suspended within its structure, and interconnected pores were decreased 
as cells were detected to occupy the pores and growing through them (Figure 
3.30 and 3.31). Similar observations were found by Thorpe A. et al, where they 
cultured hMSC cells within pNIPAM based Laponite® injectable hydrogel for up 
to 6 weeks, and cells were observed to grow within the pores(53).  
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Cells were found to cover the pores of hydrogel samples in all compositions that 
were studied (Figure 3.30 and 3.31), despite slight differences that found 
between each composition, when Alamar blue protocol was used as indication 
of the number of live cells. Metabolic cell activity of hMSC cultured within L-
pNIPAM (1) was slightly higher than two different crosslink density hydrogel. 
These findings lead to conclude that smaller pore size of hydrogel retarded the 
diffusion of oxygen and nutrients to the cells within pNIPAM based Laponite® 
injectable hydrogel. On other hand, bigger pore size was adversely affected cell 
behaviour, where cells cultured in L-pNIPAM (0.5) were shown the lowest 
number of live cells. Meaning that, even with lack of oxygen and nutrients in the 
hydrogel with smallest pore size (L-pNIPAM (1.5)), the number of live cells in 
this formulation was higher than that in L-pNIPAM (0.5). Within the lowest 
crosslink density it is possible that cells were lost through the hydrogel as they 
would be able to migrate through the hydrogel and fall onto the culture plate 
below. 
In this study changing crosslink density and thereby the inherent pore size of L-
pNIPAM hydrogel and its dependant properties, was shown to influence cell 






































Figure 3.30: Scanning electron microscopy (SEM) of hMSC suspended into 
hydrogel for 2 weeks and acellular hydrogels with crosslink density of 0.5, and 












Figure 3.31: Scanning electron microscopy (SEM) of hMSC suspended into 
hydrogel for 2 weeks and acellular hydrogels with crosslink density of 1.5wt. %. 
Red arrows show cells occupy the pores. Scale bar = 100 and 30 μm. n=3. 
 
L-PNIPAM hydrogel with crosslink density of 1wt. % was found to be the most 
optimal formulation for cells, due to number of live cells that were observed 
within its structure, up to 7 day of culture, due to sufficient oxygen and nutrients 










In this chapter, the effects of using different crosslink density on physical and 
mechanical properties of pNIPAM based Laponite® hydrogel have been 
investigated in depth. Structural properties were found to be key for function 
and behaviour of the hydrogels, where pore size was linked to other physical 
and mechanical properties. For mechanical behaviour, smaller pore sizes 
resulted in stiffer hydrogel materials, where storage modulus (G') increased 
linearly with increase crosslink density. Swelling - deswelling rates were also 
decreased when the pore sizes decreased in higher crosslink density hydrogels. 
Dehydration and rehydration rates were decreased with decrease pore sizes. In 
addition, Dehydration and rehydration data allowed calculation of bound water 
content and diffusion coefficient respectively, for L-pNIPAM hydrogel with 
different crosslink densities. Pore size was also shown to affect the state of 
water and diffusion rate within this material.   
Wettability of L-pNIPAM hydrogel was enhanced by increasing crosslink density 
as expected(19). Surface topography was explored using different approaches 
with two different sample preparation methods. The measured surface 
roughness values varied depending on the preparation method and technique. 
Surface roughness for L-pNIPAM hydrogels measured using AFM, showed 
lower values, due to the preparation method used, with spin coating leading to 
smoother films. Generally, both techniques showed that increasing crosslink 
density increased surface roughness.  
Cell behaviour was affected by using different crosslink density, where cell 
viability results for rat and human mesenchymal stem cells (hMSC) showed 
different metabolic cell activity levels when cells were cultured in L-pNIPAM 
hydrogels with different crosslink densities. The morphology of the hydrogels 
and pore size of each crosslink density could be one of the possible factors that 
impacted cell viability within this material, where L-pNIPAM (1.5) with the 
smallest pore size negatively influenced diffusion nutrients. Whereas,   L-
pNIPAM (0.5) with the biggest pore size showed lowest cell numbers after 7 
days in culture, where cell clusters were observed. SEM images of cultured 
cells within different crosslink density hydrogels also showed cells within all 
hydrogel formulations that studied, in either layered or suspended cells, with the 
highest populations seen in L-pNIPAM (1). 
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Crosslink density is a crucial factor that affects a range of properties of pNIPAM 
based Laponite® hydrogel as well as cell behaviour. Therefore, it is essential to 
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Incorporation of hydroxyethyl 











Poly(2-hydroxyethyl methacrylate) (pHEMA) is a useful polymer in drug delivery 
and tissue engineering, as it can be easily synthesised and its mechanical and 
physical behaviour can be manipulated(1,2). In 1960 pHEMA was the first 
hydrophilic polymer to be used in hydrogel synthesis by Wichterle and Lim(3,4). 
Since then, researchers have studied this polymer intensively due to its 
physiochemical behaviours and similarity to living tissues(5–7). Poly(HEMA) 
has also been used in the synthesis of stimuli responsive copolymer 
hydrogels(8). Copolymers which may have lower critical solution temperature 
(LCST) were the most attractive, due to their importance in many applications 
including biomedical and pharmaceutical fields(9). Therefore, N-
Isopropylacrylamide was a favourable monomer to be used in conjunction with 
HEMA, to create a copolymer hydrogel that has a tuneable LCST. Enhancing 
physical and mechanical properties were the main goal for researchers who 
synthesised and studied the properties and applicability of (pNIPAM-HEMA) 
hydrogels(10–12).  Berna Y. et al studied the influence of incorporated different 
ratio of NIPAM and HEMA on hydrogels synthesised by radical redox 
polymerization at 4°C. They used N,N`-methylenebisacrylamide (MBAAm) was 
used as crosslinker agent and potassium persulphate (KPS)  as initiator. The 
synthesised PNIPAM-co-HEMA hydrogels in their study were non-injectable, 
where blocks of hydrogels were washed with distilled water for 24 hours to 
remove any potential unreacted monomers. The authors found that the 
equilibrium swelling ratio of the copolymeric gels decreased as HEMA content 
increased(12).  
In the current work influence of adding HEMA as comonomer to pNIPAM based 
Laponite® injectable hydrogels, was studied, where physical and mechanical 
behaviour of a series of fully injectable pNIPAM-co-HEMA hydrogels were 




All materials and methods of hydrogel synthesis, experimental work and 
characterisation techniques were detailed in Chapter 2.2 
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4.3 Results and Discussion 
4.3.1 Influence of incorporation of hydroxyethyl methacrylate (HEMA) on 
lower critical solution temperature of pNIPAM hydrogel 
Hydroxyethyl methacrylate (HEMA) was incorporated into pNIPAM based 
Laponite® injectable hydrogel with a ratio of 5 and 10 wt. % of total monomers 
used. As previously mentioned in chapter 2, section 2.2 a range of HEMA 
concentrations was used (5, 10 and 12wt. %), where the highest concentration 
of HEMA was found to be not fully injectable, hence no further characterisations 
were performed on this composition. 
Literature has shown that adding more hydrophilic monomer into pNIPAM 
hydrogels raises LCST(13,14). However, it is also known that ''changes in LCST 
when comonomers are incorporated are due to changes in overall hydrophilicity 
and are not due to comonomer hydrophilicity or hydrophobicity''(15). Due to 
differences in hydrophilicity between hydroxyethyl methacrylate (HEMA) and N-
Isopropylacrylamide (NIPAM), where HEMA is more hydrophilic than NIPAM 







Figure 4.1: Chemical structures of N-isopropyl acrylamide (NIPAM) and 
Hydroxyethyl methacrylate (HEMA). 
  
Hence, in the current study changes in LCST were expected when HEMA was 
added into L-pNIPAM, as a result of copolymerisation of HEMA and NIPAM. 
The influence of HEMA on the LCST of HEMA was determined by measuring 
the LCST using the method described in Chapter 2.4 of a number of systems 
where the HEMA content was systematically modified (5 and 10 wt. %). 
Interestingly no changes in LCST were observed when HEMA was incorporated 
into L-pNIPAM (Figure 4.2). Increasing the HEMA concentration in L-pNIPAM95-
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co-HEMA5 and L-pNIPAM90-co-HEMA10 had no impact on the measured setting 
temperature (believed to be linked to the LCST) compared to L-pNIPAM, which 
was somewhat counterintuitive, as the perceived wisdom is that increasing the 
hydrophilicity of an amphiphilic copolymer system should raise the LCST (16).  
It was postulated that the pendant OH groups on the HEMA units could be 
interacting with the polar groups of the Laponite® platelets effectively shielding 
their hydrophilicity and negating the anticipated impact on the setting 
temperature. Changes in phase transition behaviour of copolymer systems from 
their single polymer counterparts is good evidence of copolymerisation of 













Figure 4.2: Lower critical solution temperature (LCST) of pNIPAM/HEMA based 
Laponite® hydrogel with different HEMA ratios. 
 
4.4 Morphological study and pore size measurement of L-pNIPAM-co-
HEMA 
Influence of incorporation of HEMA on the structural properties of L-pNIPAM-co-
HEMA hydrogels, was investigated using SEM and the pore size of each 
composition was measured as described in Chapter 2.3.2. SEM images showed 
limited differences in morphology between L-pNIPAM and L-pNIPAM-co-HEMA 
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(Figure 4.3). Pore sizes of different compositions were measured using six 
images of each composition; demonstrating no effect on pore size within the 
hydrogel with or without HEMA (Figure 4.4). However, heterogeneity was 
noticeably increased at 10 wt. % HEMA concentration, and the average pore 
size was slightly increased (Figure 4.3 and 4.4). An increase in heterogeneity 
supports the scenario in which NIPAM and HEMA polymerised separately, 













































   
   
         
 
Figure 4.3: Scanning electron microscopy images of L-pNIPAM, L-pNIPAM95-






























































Figure 4.4: Statistical analysis of pore size of L-pNIPAM, L-pNIPAM95-co-
HEMA5 and  L-pNIPAM90-co-HEMA10. n=6. 
 
4.5 Dynamic Mechanical Analysis (DMA) frequency scan data of 
PNIPAM based Laponite® 
Viscoelastic properties of L-pNIPAM-co-HEMA were studied and the influence 
of HEMA concentration on the storage modulus was investigated. Dynamic 
mechanical analysis, in a frequency compression mode was used. Six samples 
for each composition were analysed to determine the effect on mechanical 
properties of incorporation of HEMA into L-pNIPAM (Figure 4.5). In all samples 
studied there were no changes in storage modulus as a function of frequency. 
Hence, 10 Hz was used to compare possible differences in the mechanical 





























L -p N IP A M  (1 )
L -p N IP A M 95 -c o -  H E M A 5 (1 )
L -p N IP A M 90 -c o -  H E M A 10 (1 )
 
Figure 4.5: Dynamic Mechanical Analysis (E' values) of L-pNIPAM, L-
pNIPAM95-co-HEMA5 and  L-pNIPAM90-co-HEMA10. n=6. 
 
Results showed that an increase HEMA concentration to 10 wt. % significantly 
decreased storage modulus of pNIPAM/HEMA based Laponite® injectable 
hydrogel (Figure 4.6). A decrease in storage modulus was thought to be due to 
the slight increase seen in average pore size, when HEMA concentration 
increased to 10 wt. %. In addition, an increase the number of pHEMA molecules, 
influenced the mechanical properties of the pNIPAM/HEMA hydrogel. These 
results were in good agreement with Yan L. et al(17) and Tuncel et al(16), 
where both studies have shown that HEMA concentration increased the 





Figure 4.6: Influence of HEMA concentration on storage modulus of L-pNIPAM-
co-HEMA determined by DMA in compression mode at 10Hz. *=P<0.05. n=6. 
 
4.6. Swelling and deswelling kinetics of L-pNIPAM-co-HEMA  
4.6.1 Swelling kinetics 
Swelling kinetics in distilled water at 25°C as a function of time up to 24 hours, 
for L-pNIPAM-co-HEMA hydrogels was investigated, to determine the effect of 
incorporating HEMA on the swelling ratio and maximum equilibrium swelling 
degree. When HEMA was incorporated, the hydrogel exhibited a slightly higher 
degree of swelling coinciding with a higher equilibrium swelling degree (Figure 
4.7 and 4.8). Faster swelling after the first two hours (120 minutes) was 
observed (Figure 4.7), due to an increase in the hydrophilic polymeric 
molecules that are able to interact with water. Also, pore size was shown an 
increase when 10 wt. % HEMA was incorporated, which enhances water 
permeability.  
Jianquan et al have studied swelling ratio and equilibrium water content of a 
series of hydrogels based on 2-hydroxyethyl methacrylate HEMA and epoxy 












































































decreased equilibrium water content due to its hydrophobicity(19). Yan et al, 
have shown same effect of HEMA concentration on pNIPAM based hydrogel on 
swelling ratio, where a range of NIPAM: HEMA ratios of 0:10, 1:9, 2:8, 3:7, 4:6, 
and 5:5, v/v) were used. Their results have shown that increase HEMA ratio 
increase swelling ratio of hydrogel at temperature lower than the LCST of 
NIPAM(17). 
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Figure 4.8: Equilibrium swelling degree of L-pNIPAM hydrogels with and without 
HEMA incorporated. 
 
4.6.2 Deswelling kinetics of L-pNIPAM-co-HEMA 
Deswelling behaviour of L-pNIPAM-co-HEMA hydrogels was observed from 
25°C to 62°C. When 10 wt. % HEMA was incorporated, the hydrogel displayed 
a lower degree of deswelling (Figure 4.9), and a significant reduction in the 
maximum degree of deswelling was observed (Figure 4.10). The reduction in 
deswelling could be due to presence of pHEMA molecules, which inhibit thermal 
response of pNIPAM molecules around their LCST temperature. Due to non-
thermal responsive nature of pHEMA molecules, they obstructed thermal 
response of pNIPAM molecules(16). Similiar results were obtained by Yan et al, 
when they studied thermal response behaviour of pNIPAM-co-HEMA hydrogel, 
at 37°C. They have shown that incorporation of HEMA into pNIPAM hydrogel 
inhibited the thermal response of pNIPAM hydrogel, due to p(NIPAM-HEMA) 
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Figure 4.10: Maximum degree of deswelling of L-pNIPAM hydrogels with and 
without HEMA incorporated. 
 
4.6 Water states and water/polymer interactions in L-pNIPAM-
co-HEMA 
Poly (N-Isopropylacrylamide) based Laponite® injectable hydrogel consist of 
90% water, and have shown promising results as potential scaffolds for 
biomedical field(13,21). Thorpe A. et al were studied applicability of L-pNIPAM-
co-DMAc in tissue regenerative medicine, where hydroxyapatite nanoparticles 
(HAPna) synthesised was added at concentration of 0.5 and 1mg/ml. They 
found that hMSCs were proliferated and osteogenic differentiation was 
promoted within the hydrogel(13). Hence, water states and water/polymer 
interactions within this material should be studied when development or 
modification in composition are needed. Water is an important for cells to 
maintain viable and proliferate, and water diffusivity is one the important factors 
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that need to be understood, due to it is related to diffusion of nutrients and 
waste removal during cell growth. 
In this current study, water state and water/polymer interactions, during the 
dehydration and rehydration processes were investigated using Fourier 
transform infrared attenuated total reflectance (FTIR-ATR). Where two different 
ratios of HEMA (5 and 10 wt. %) were used to explore the influence of HEMA 
ratio on dehydration and rehydration kinetics and water state. 
4.6.1 Dehydration study  
Samples were synthesised as described in Chapter 2.2, 30µl of each formula 
was pipetted directly onto the ATR crystal which had been pre-set to 25˚C. Data 
collection was directly begun with 8 scans per spectrum at a resolution of 8cm-1 
on a Thermo Nicolet Nexus instrument, using a series setup, a spectrum was 
taken automatically every 30 sec for 800m (13.3h). Dehydration process was 
monitored using FTIR-ATR, to investigate effect of incorporated HEMA into Poly 
(N-Isopropylacrylamide) based Laponite® injectable hydrogel. For simplicity, 
selections of spectra at different time points during drying of L-pNIPAM90-co-
HEMA10 (1) have been chosen to demonstrate the monitoring of the drying of 
hydrogel samples in real time by following the decrease in intensity of the (OH) 
band between 3600-3100 cm-1, and increasing intensity of the (NH) band  at ~ 
1550 cm-1  (Figure 4.11) associated with the polymer. In addition, there was a 
shift in (NH) band to lower wavenumber, indicating a reduction in the hydrogen 
bonding between water and polymer molecules (Figure 4.11). 
Expansions of these spectra are shown in Figure 4.12 and 4.13, to emphasise 
the observable peak intensity and peak shifts changes during the drying 

































































































































































































































































































































The intensity of (OH) band was plotted as a function of time for different ratios 
of HEMA incorporated into L-pNIPAM (Figure 4.14).Incorporation of HEMA into 
L-pNIPAM, was shown to decrease the dehydration rate, which is thought to be 
due to the increase in hydrophilic polymeric units which are able to interact with 
water, causing a delay in the drying process (Figure 4.14). 
As there were no significance changes in the hydrogel morphology observed via 
SEM images, changes in the dehydration rate must solely be attributed to 
changes in the chemistry of the system and the increased hydrophilicity that 
incorporating HEMA has on the system. Here we observe that systematically 
increasing the HEMA content systematically retards the dehydration rate. This 
observation agrees with the work of George et al (23) who looked at the 





















The change in  (NH) band position during water loss is plotted in Figure 4.15, 
and is a clear indication of a reduction of the number of H-bonds between 
polymeric chains and water as the water evaporated. The shifts in the (NH) 
band position are much more remarkable during the second phase of 
dehydration, suggesting bound water is being lost from the sample (Figure: 
4 .15). 
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Figure 4.15: Shifts in  (NH) band of L-pNIPAM90-co-HEMA10 (1) during 
dehydration. 
 
To test the hypothesis that water was both free and bound within the hydrogels 
and that this is lost during dehydration process(23), Free and bound water, 
within L-pNIPAM-co-HEMA hydrogels, were approximated, using water profiles 
of different HEMA concentrations (Figure 4.14). Two different states of water 
can be seen, as shown in Chapter 3.6.1, where free and bound water fractions 
were calculated for each composition (Figure 4.16).  
Incorporation of HEMA into L-pNIPAM hydrogel was shown to increase the 
bound water fraction, which is thought to be due to the increase hydrophilic 
polymeric units, which holds water longer. Where more hydrophilic polymeric 



























































Figure 4.16: Bound water content of L-pNIPAM-co-HEMA with different HEMA 
concentrations, estimated using FTIR. 
 
The state of water within L-pNIPAM hydrogels were verified using the 'gold 
standard' method of differential scanning calorimetry (DSC) with a good 





























































Figure 4.17: Bound water content of pNIPAM based Laponite® hydrogel with 
different HEMA concentrations, estimated using DSC. *=P<0.05. 
 
4.6.2 Rehydration studies of L-pNIPAM-co-HEMA 
Following complete dehydration, hydrogel samples were fully dried and adhered 
to the ATR crystal. A rehydration experiment was then performed by putting 
deionised water in contact with dried sample using liquid cell holder, with the 
same setting that used in dehydration experiment except using a shorter time 
(240m). Water absorption was monitored by FTIR-ATR, by observing (OH) 
band between 3600-3100 cm-1, and  (NH) at  ~ 1550 cm-1 (Figure 4.17). 
The intensity of (OH) band was increased with time as more water was 
absorbed by the sample (Figure 4.18). On other hand, the intensity of the (NH) 
band decreased as more water entered the sample, resulting in a reduction in 
the effective polymer concentration in the evanescent field (Figure 4.19). 
Moreover, a shift to higher wavenumber was observed in (NH) as more water 
entered, indicating more hydrogen bonding between polymer chains and water 





























































































































































































































































































































The intensity of (OH) band was plotted as a function of time for different HEMA 
concentrations hydrogels (Figure 4.20), to illustrate the influence of 
incorporation of HEMA as comonomer on rehydration rate. Incorporation of 
HEMA increased the rehydration rate systematically, despite of there were no 
significant differences in pore size when HEMA was added. This increase 
in rehydration rate was thought to be due to the increase in hydrophilic 
polymeric units which increased the hydrophilicity of the hydrogel. 
 
Figure 4.20: water profiles for different HEMA concentrations hydrogels during 
rehydration. 
Position of the (NH) band was plotted as a function of time during rehydration, 
where a shift to higher wavenumber was observed over time, due to more 
hydrogen bonding between absorbed water and polymeric chains in the swollen 






0 5 0 1 0 0 1 5 0 2 0 0 2 5 0
1 5 4 5
1 5 5 0
1 5 5 5
1 5 6 0
1 5 6 5










Figure 4.21: Shifts in  (NH) band of L-pNIPAM90-co-HEMA10 (1) during 
rehydration. 
 
The diffusion coefficient (D) of water through hydrogel samples with different 
HEMA concentrations, was calculated using to the Fieldson equation(25,26), as 
described in section 3.6.2. 
Water diffusivity at 25˚C, through pNIPAM based Laponite® hydrogel during 
rehydration process was shown to be restricted by incorporating HEMA, where 
D value decreased when 5 wt. % HEMA was incorporated. However, further 
increase of HEMA concentration to 10 wt. %, resulted to slight increase of water 
diffusivity (Figure 4.22). The measured rate of the diffusion of water through 
pNIPAM based Laponite® hydrogel, was decreased at lowest concentration of 
HEMA, despite of hydrophilic nature of HEMA, where more hydrophilic network 
provides a greater force for water absorption into the matrix (22). It should 
however be noted that although the slope of the diffusion curve indicates that 
diffusion is slower in L-pNIPAM-co-HEMA than L-pNIPAM, diffusion finishes 
sooner, systematically with higher HEMA content as expected with a more 
hydrophilic system. The D value only relates to the slope of the linear portion, it 
is unclear if calculating D is informative here; perhaps time taken to reach 
































































Figure 4.22: Diffusion coefficient of pNIPAM base d Laponite® hydrogel with 
different HEMA concentrations. *=P<0.05. 
 
4.7 Influence on cell behaviour of incorporation of HEMA to 
pNIPAM based Laponite® hydrogel  
Rat stem cells were used to investigate influence of incorporation of HEMA into 
pNIPAM based Laponite® injectable hydrogel, on cell viability within hydrogel 
structure. HEMA was incorporated at concentration of 5 and 10 wt. %.  Alamar 
blue assay, as a measure of metabolic cell activity and thus the total number of 
viable cells, was assessed up to 7 days in culture (Figure 4.23). On day 0 
significant decreases were observed in metabolic cell activity of the cells that 
cultured within hydrogels with HEMA compared to those without HEMA (Figure 
4.23). Following 2 days in culture a reduction in metabolic cell activity, within all 
compositions that studied, which is a common phenomenon when cells are 
transferred from monolayer culture into 3D culture as their proliferation rates 
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slow(27). Following 7 days in culture cells cultured within hydrogels containing 
HEMA were significantly reduced compared to those hydrogels without HEMA 
(Figure 4.23). These data suggest that the incorporation of HEMA was 
detrimental to cell viability with decreased cell metabolism seen during culture 
(Figure 4.23). The L-pNIPAM hydrogel alone in the absence of HEMA has 
previously been shown to have excellent biocompatibility (13,21,28). Thorpe A. 
et al demonstrated pNIPAM based Laponite® hydrogel, promoted differentiation 
of mesenchymal stem cells (MSCs) to nucleus pulposus (NP) cells without 
additional growth factors(21). Similar results were obtained by Dosh R. et al for 
different type of cells, where pNIPAM based Laponite® hydrogel was utilised as 
a 3D culture model for human intestinal cells (28). This model system could be 
utilised as an alternative in vitro biomaterial in studies to investigate human 
intestinal problems or to explore possible intestinal drugs(28). 
It is possibly that the L-pNIPAM-co-HEMA systems have not fully reacted 
causing some residue non-polymerised molecules being within the system that 
adversely affected cell viability within this material. The reason behind non-
biocompatibility of pNIPAM based Laponite® injectable hydrogel when HEMA 
was incorporated required further investigation, but that was considered beyond 
















































































































































































































































4.7.1 Scanning electron microscopy investigation 
Hydrogel samples with human mesenchymal stem cells (hMSC), cultured within 
their structures, either layered on hydrogel surfaces, or suspended into their 
structures, were analysed by SEM.    
4.7.1.1 Scanning electron microscopy investigation of hMSC cells layered 
on hydrogel samples surface. 
Scanning electron microscopy (SEM) was used to analyse cells cultures in 
layers for 2 weeks, on the surface of pNIPAM based Laponite® injectable 
hydrogel with 10wt. % HEMA incorporated. Cells spread on the surfaces of 
pNIPAM based Laponite® injectable hydrogel without HEMA incorporated, SEM 
images showed a reduction in the porosity of hydrogel, where cells covered the 
honeycomb like structure of hydrogel (Figure 4.24). In contrast, there was no 
evidence of cell growth on the surface of hydrogel containing HEMA (Figure 
4.24). These results support those of the metabolic cell activity which showed 



































Figure 4.24: Scanning electron microscopy (SEM) of hMSC layered on hydrogel 
surfaces for 2 weeks and acellular hydrogels with and without HEMA 
incorporated. Red arrows show cells occupy the pores. 
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4.7.1.2 Scanning electron microscopy investigation of hMSC cells 
suspended in hydrogel. 
Analysis of hydrogel samples with hMSC cells, cells suspended in the hydrogel 
prior to gelation was performed using SEM. Secondary electron images were 
captured at accelerating voltage of 5KV and magnifications ranging 1000x to 
30000x were used. Images were visualised and compared with each relevant 
control image, to explore the effect of adding HEMA on cell behaviour within 
pNIPAM based Laponite® injectable hydrogel. Cells were shown to grow 
through the pores of hydrogel structure, when they suspended into pNIPAM 
based Laponite® hydrogel that did not contain HEMA. At higher magnification 
cells were observed to deposit matrix within the hydrogel structure, which 
reduced the pore size of interconnected channels of hydrogel (Figure 4.25). 
Contrary, cells suspended into hydrogels with HEMA incorporated were absent 
suggesting cell death which was confirmed by cell viability results (Figure 4.25). 
Zuwei M.  et al synthesised thermally responsive injectable hydrogel, using 
copolymers formed by free radical of methacrylate polylactide (MAPLA), NIPAM 
and HEMA. They used hexane to precipitate the resulted copolymer and then 
copolymer was purified further by precipitation from THF into diethyl ether and 
vacuum dried, to obtain ~ 90% yields. They found that the synthesised hydrogel 
was biocompatible, where rat vascular smooth muscle cells were cultured within 
the hydrogel and metabolic cell activity was measured for cells within the 
hydrogel up to using RSMC assay. They conclude that thermally responsive 
hydrogel had no negative influence on the metabolic cell activity and number of 
live cells(29). Ryan L. et al have also purified 2-Hydroxyethyl methacrylate 
(HEMA)-based (co)polymers following its synthesised, to remove any non-
polymerised units. They found that ~ 90% yields was achieved in their study(30). 
Together with the results shown in this study this suggests extensive clean-up is 
required to remove unpolymerised monomer to prevent toxicity effects. 
However a key attribute for clinical application of biomaterials is the ease of 
manufacture and thus if clean-up is not required this is preferable, suggesting 
HEMA co-polymers are not ideal materials as they require extensive clean up 




























Figure 4.25: Scanning electron microscopy (SEM) of hMSC cells suspended 
into hydrogel for 2 weeks and acellular hydrogels with and without HEMA 




In this chapter, the influence of incorporation of Poly (2-hydroxyethyl 
methacrylate) (pHEMA) on physical and mechanical properties of pNIPAM 
based Laponite® hydrogel, was studied. Thermoresponsive characteristic of 
pNIPAM based Laponite® was not affected by HEMA incorporation , where the 
lower critical solution temperature (LCST) was ~ 32˚C for all compositions 
suggesting that the thermal response of pNIPAM chains were not affected by 
HEMA incorporation and no copolymer chains were formed(16). No changes 
were observed in morphological properties of pNIPAM based Laponite® 
injectable hydrogel, except a slight increase in pore size when HEMA 
concentration increased to 10 wt. %, with an increase in heterogeneity seen in 
L-pNIPAM90-co-HEMA10 (1), this was thought to be due to an increase pHEMA 
molecules that formed within the hydrogel.  
A significant decrease in stiffness of L-pNIPAM90-co-HEMA10 was seen 
compared to 5% wt and L-pNIPAM hydrogel alone. This decreased stiffness 
was thought to be related to the increase in pore size, and increase pHEMA 
within hydrogel matrix.  
The swelling behaviour was affected by the incorporation of HEMA into L-
pNIPAM hydrogel, where swelling ratio was higher when 10 wt. % of HEMA was 
added, this was thought to be due to hydrophilicity of pHEMA chains which 
elevated the rate of water absorption. In addition equilibrium water content was 
higher when HEMA incorporated. Deswelling was also decreased when HEMA 
was incorporated, which was thought to be due to pHEMA obstructed shrinkage 
rate of pNIPAM above its LCST. Therefore, maximum degree of deswelling was 
significantly decreased when HEMA was added. 
Dehydration rate was decreased systematically when different HEMA 
concentrations were incorporated, due to ability of pHEMA chains to interact 
and bind with water molecules, caused delay in water lost. As expected bound 
water content was increased systematically and significantly as HEMA 




Rehydration rate was increased steadily when HEMA incorporated, as a result 
of adding more hydrophilic polymeric units into the matrix. Diffusion coefficient 
of water through the hydrogel decreased as 5 wt. % HEMA was added, due to 
interaction that could happen between water molecules and pHEMA chains, as 
pHEMA is more hydrophilic than pNIPAM. However, when HEMA concentration 
went up to 10 wt. %, water diffusivity slightly increased as a result of increase in 
pore size happen in this composition.  
Further investigation on how NIPAM and HEMA were polymerised, need to be 
done, to understand why cell viability showed to be adversely affected by 
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Chapter - 5 
Incorporation of hydroxypropyl 












As described in the first chapter, hydrogels can be synthesised using one 
monomer (homopolymer hydrogel), or two comonomers (copolymer hydrogel) 
usually in conjunction with a crosslinker. However, incorporating different 
comonomers with varied concentrations impacts the physical, mechanical 
properties and suitability for different applications of the synthesised 
hydrogel(1,2). Therefore, when different comonomers are used, potential 
changes in hydrogel properties should be assessed. 
The first use of hydroxypropyl methacrylate (HPMA) copolymers was in the 
early 1970s (3,4). Subsequently, work has focused on pharmaceutical 
applications of HPMA (5–7). Poly hydroxypropyl methacrylate (poly (HPMA)) 
was found to be suitable for pharmaceutical applications, due to its flexibility 
which was shown to be similar to soft tissue, in addition to its inherent 
hydrophilicity and biocompatibility(8) Therefore, it has been used for several 
pharmaceutical applications.  
Injectable poly (HPMA) based hydrogel was used to deliver anticancer drugs(8). 
Copolymers have been incorporated to produce poly (HPMA) based hydrogels, 
to improve their pharmaceutical application; such as drug release(9,10). Marek 
et al synthesised HPMA based copolymer hydrogels, for drug delivery 
applications, using radical solution copolymerisation of hydroxypropyl 
methacrylate (HPMA) with N, O-dimethacryloyl hydroxylamine (DMHA). 
Hydrogel discs were immersed into anticancer drug solution, to allow drug 
loading. Subsequently, hydrogel discs loaded with drug were implanted into the 
right flanks of mice, directly after sterilization. They concluded that hydrogel 
facilitated the release the drug for at least 96 hours, and the release time can be 
controlled by changing crosslinking density(9).  
Many studies have been conducted in the field of drug delivery, using HPMA as 
comonomer to prepare hydrogel carriers to deliver different types of drugs such 
as; insulin(11) and caffeine(12). 
Vladimir et al synthesised hydrogels based on copolymer of N‐(2‐
hydroxypropyl) methacrylamide and N‐methacryloyldiglycyl p-nitrophenyl ester. 
They loaded the hydrogel with insulin, which covalently bound onto the 
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polymeric chains. The product was found to exhibit sustained insulin 
release(11). 
Horia et al have prepared HPMA based copolymer hydrogels, with caffeine as a 
model drug by dissolving different ratios of HPMA and NIPAM in distilled water, 
and using N,N methylenebisacrylamide (MBAAm) as crosslinker. 
Polymerisation was carried out by gamma irradiation. They found that caffeine 
release can be varied, depending on the hydrogel chemical composition and 
pH(12).      
More recently, there has been interest in using HPMA either as homopolymer or 
as copolymer hydrogel, to prepare hydrogel materials for tissue engineering 
applications(13,14).  Pertici et al synthesised pHPMA based hydrogels by 
radical polymerization, and using divinyl as crosslinking agent. After 
polymerisation was finished the gel was washed with water to remove 
unreacted monomer units, and stored in distilled water at 4oC. A small block of 
pHPMA hydrogel was implanted into the hemisected T10 rat spinal cord. They 
found that locomotor neurophysiological improvements were induced, after 14 
weeks of implantation(14). 
In many systems, HPMA hydrogels have been shown to either not be fully 
polymerised(14) or not injectable(9).  
 
In the current study, fully injectable L-pNIPAM-co-HPMA was synthesised and 
characterised to investigate the influence of different comonomer ratios on the 
mechanical and physical properties. In addition, cell viability within the 
manufactured hydrogels was assessed and osteogenic differentiation was 
explored. 
 
5.2 Synthesis of L-pNIPAM-co-HPMA with different 
pNIPAM/pHPMA ratios 
All materials used and methods of hydrogel synthesis and experimental work 
were detailed in chapter two, section 2.2. 
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5.3 results and discussion 
5.3.1 Influence of incorporation of hydroxypropyl methacrylate (HPMA) on 
lower critical solution temperature of L-pNIPAM-co-HPMA 
L-pNIPAM hydrogels have been synthesised(15), and its composition adjusted 
to ensure a lower critical solution temperature of 37°C  by incorporating N, N -
dimethyl acrylamide (DMAc) which allowed it to meet medical application 
requirements (16). It is well  known that, pNIPAM has an LCST at ~32 °C (17–
19), but it can be modified to meet different applications requirements; such as 
tissue engineering. By adding more hydrophilic comonomer LCST of pNIPAM 
based hydrogels can be elevated, or reduced if more hydrophobic comonomer 
incorporated. HPMA and NIPAM are soluble in water and have hydrophilic 




Figure 5.1: Chemical structures of N-isopropyl acrylamide (NIPAM) and 
hydroxypropyl methacrylate (HPMA). 
 
As detailed in chapter 2, section 2.2; L-pNIPAM-co-HPMA hydrogel was 
synthesised, using HPMA ratio of 5, 10 and 17% of total monomers. However 
hydrogel contained 17% HPMA was found to be not completely liquid and 
injectable, due to the observation of small solid particles, hence only 
formulations contained 5 and 10 % were selected and subjected to further 
characterisation. Both formulations remained liquid after polymerisation reaction 
was complete and they could be stored for extended periods at 60°C without a 
detrimental impact on their performance. The LCST of synthesised L-pNIPAM-
co-HPMA based Laponite® hydrogel was measured in triplicate using a digital 
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thermometer, where the LCST was determined as the point at which the sample 
no longer flowed.  
The incorporation of a more hydrophilic comonomer into pNIPAM hydrogels has 
been shown to elevate the LCST from ~32 °C to ~37 °C (16,19). A thermally- 
induced LCST mechanism originates from phenomena occurring at the 
temperature above which the polymer becomes insoluble in aqueous media.  It 
is the temperature at which coil-to-globule conformational changes of the 
polymer network occur, due to sufficient disruption of hydrogen bonding 
between the amide groups of the polymer and the water molecules, allowing 
hydrophobic interactions to form between the non-polar domains of the system, 
i.e. the solvent changes from “good” to “poor”(20–22). Generally if more 
hydrophilic components are incorporated into the amphiphilic polymer backbone, 
water acts as a good solvent at higher temperatures, hence the LCST is higher.  
Counterintuitively in L-pNIPAM-co-HPMA, adding more hydrophilic (HPMA) 
comonomer and following exactly the same procedure of hydrogel synthesis 
used to make L-pNIPAM, a reduction in the setting temperature, which is 
related to the LCST is observed, changing from ~32°C to ~27°C (Figure 5.2). 
We postulate that interactions between the pendent OH groups on the HPMA 
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Figure 5.2: Lower critical solution temperature (LCST) of pNIPAM/HPMA based 
Laponite® hydrogel with different ratios of HPMA. n=3 
 
5.3.2 Morphological study and pore size measurement of L-pNIPAM-co-
HPMA hydrogels 
The effect of incorporating HPMA on morphological and structural properties of 
L-pNIPAM-co-HPMA hydrogels was explored using scanning electron 
microscopy, to determine the pore sizes of different compositions and their 
heterogeneity (Figure 5.3). Six images of each composition was used to 
measure the pore sizes, and plotting pore size distribution of each composition 
allowed the comparison between systems and facilitated the elucidation of the 
influence of using HPMA as comonomer on the morphology (Figure 5.4).  
An increase in average pore size when compared to L-pNIPAM for L-pNIPAM-
co-HPMA was observed when 5wt. % of HPMA was incorporated (Figure 5.3). 
However, no further increase in hydrogel pore size when HPMA concentration 
increased to 10 wt. % (Figure 5.3). 
Jiyuan et al have prepared hybrid hydrogels using peptide grafted with HPMA 
and N-(3-aminopropyl) methacrylamide; these are referred to as (MA-NH2) 
copolymers. Copolymerisation was performed using AIBN as the initiator, and 
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synthesised peptides were attached to the polymer backbone. They have 
revealed that, increased copolymer concentration from 0.1 to 5 wt. % changed 
the morphology of hydrogel from dense monoliths to porous sponge-like 
structures (23).  
In L-pNIPAM-co-HPMA hydrogels system, it is also was found that incorporating 
HPMA as comonomer initially (up to 5 wt%) increased the  average pore size 
(Figure 5.4). However, no further increase was observed when HPMA 





























Figure 5.3: Scanning electron microscopy images of L-pNIPAM hydrogels with 



































































Figure 5.4: Statistical analysis of pore size of L-pNIPAM hydrogels with HPMA 





5.3.3 Dynamic Mechanical Analysis (DMA) frequency scan data of L-
pNIPAM-co-HPMA 
The viscoelastic behavior of L-pNIPAM-co-HPMA was studied using dynamic 
mechanical analysis, at a fixed frequency (10Hz) in compression mode. To 
determine influence of the NIPAM: HPMA ratio on mechanical properties of L-
pNIPAM-co-HPMA hydrogels, six samples of each composition described in 
Table 5.1 were synthesised, and the storage modulus (E') was recorded for 
each. For all samples, E' did not increase as a function of increasing frequency 
(Figure 5.5). Therefore, 10 Hz was selected to compare potential differences in 
the mechanical properties between different compositions of hydrogel samples 
(Figure 5.6). L-PNIPAM95-co-HPMA5 was shown to decrease storage modulus 
significantly compared with L-pNIPAM (Figure 5.6). However, increasing the 
HPMA content did not decrease the storage modulus further. 
Many researchers have linked morphological changes with mechanical 
properties of hydrogel materials (24,25). Where increasing the pore size of 
hydrogel materials decreases the mechanical properties and vice versa. Our 
interpretation of the influence of composition on mechanical properties in the 
current study is consistent with this concept.  
Moreover, Lutz states that an increased concentration of hydrophobic 
comonomer leads to enhanced mechanical properties (26). Our findings 
contradict this, where incorporation of hydrophilic comonomer (HPMA) 
decreases mechanical strength significantly (Figure 5.6). One can only assume 
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Figure 5.5: Dynamic Mechanical Analysis (E' values) of pNIPAM based 

























































Figure 5.6: Influence of HPMA concentration on storage modulus determined by 
DMA in compression mode at 10Hz. *= P<0.05 
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5.3.4 Swelling and deswelling kinetics 
5.3.4.1 Swelling kinetics  
The influence of the composition of L-pNIPAM-co-HPMA on the swelling 
behaviour in distilled water at 25°C as a function of time up to 24 hours was 
investigated. The influence of the NIPAM/HPMA ratio on swelling ratio and 
maximum equilibrium swelling degree of L-pNIPAM-co-HPMA was determined 
as detailed in chapter 2, section 2.3.7. L-pNIPAM-co-HPMA displayed a higher 
degree of swelling than L-pNIPAM (Figure 5.7), due to the more hydrophilic 
character of HPMA compared to NIPAM. To obtain a more quantitative 
understanding, the maximum equilibrium degree of swelling was compared for 
both L-pNIPAM and L-pNIPAM-co-HPMA hydrogels, where L-pNIPAM-co-
HPMA hydrogels were shown to possess a significantly higher equilibrium 
swelling degree after 24 hours (Figure 5.8).  
Generally, hydrogels with more hydrophilic groups swell faster and reach a 
higher degree of swelling compared to the those containing more hydrophobic 
groups(27). Therefore, logically one supposes that more hydrophilic polymeric 
units (HPMA) attract more water molecules into the hydrogel structure, which 
enhances the swelling ratio of L-pNIPAM-co-HPMA (Figure 5.7). Furthermore, 
bigger pore sizes observed for these systems may also contribute to the 
maximum equilibrium swelling degree (Figure 5.8). 
Interestingly, for L-pNIPAM90-co-HPMA10 (1) hydrogels, bigger pore sizes have 
been shown to slow the swelling rate as more time was needed for water to 
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Figure 5.8: Equilibrium swelling degree of L-pNIPAM hydrogels with and without 
HPMA incorporated. *= P<0.05 
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5.3.4.2 Deswelling kinetics of L-pNIPAM-co-HPMA hydrogels 
The deswelling behaviour of L-pNIPAM-co-HPMA hydrogels was observed 
when changing the temperature from 25°C to 62°C. As detailed in chapter 2, 
section 2.3.8. Briefly; 2 ml of hydrogel sample of each formulation was poured 
into graduated glass cylinder, and allowed to solidify for 10 minutes at room 
temperature. Thereafter, 2 ml of preheated deionised water was added into 
each cylinder at 62°C, and cylinders were kept at 62°C, and changes in 
hydrogel dimensions, during thermal challenge, were observed and recorded on 
a digital camera at different time intervals (Figure 5.9). Dimensional changes 
were measured from the captured images using ImageJ150 software. 
The deswelling of a thermoresponsive hydrogel is a thermal response to the 
changes in the surrounding environment above the LCST of the polymer (29). 
Here, L-pNIPAM90-co-HPMA10, has lower proportion of thermally responsive 
component than L-pNIPAM, therefore its maximum deswelling was lower 
(Figure 5.10 and 5.11). However the rate of deswelling was faster due to the 













Figure 5.9: Photograph images showing different thermal response for L-
pNIPAM (1) and L-pNIPAM90-co-HPMA10 (1) at 10 and 240 minutes. T=62°C. 
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Figure 5.10: Deswelling ratio of L-pNIPAM hydrogels with and without HPMA 
incorporated. 
 





























Figure 5.11: Maximum degree of deswelling of L-pNIPAM hydrogels with and 





5.3.5 Contact angle measurements 
As described in chapter 2, section 2.3.5, contact angle of L-pNIPAM-co-HPMA 
was measured on glass slides (Leica Microsystem Milton Keynes, UK). The 
influence of composition of liquid hydrogel on the contact angle on glass was 
investigated. When L-pNIPAM (1) was pipetted on the surface of the glass slide, 
the contact angle created between the hydrogel and the slide was measured 
and found to be ~ 47°. This value was found to decrease as HPMA was 
incorporated, i.e. the wettability of the glass surface was enhanced. The contact 
angle of L-pNIPAM95-co-HPMA5 (1) was recorded to be ~44° and a further 
reduction in contact angle was observed as HPMA concentration was increased, 
and the contact angle of L-pNIPAM90-co-HPMA10 (1) was ~ 39°. Four 
measurements were used for each formulation.  
Therefore, increasing the concentration of HPMA was shown to decrease the 
contact angle, which effectively increased surface area of each L-pNIPAM-co-
HPMA drop systematically (Figure 5.12). This finding has implications when the 













































Water contact angle (WC) is an important characteristic for hydrogel materials 
that have potential biomedical applications, due to its correlation to many 
properties such as surface adhesion and biocompatibility. In addition, water 
contact angle is a standard measurement to represent surface wettability(30).  
Incorporation of HPMA as comonomer into L-pNIPAM was shown to decrease 
water contact angle significantly. Increasing the HPMA concentration from 5 to 
10 wt. % increased the wettability of the hydrogel (Figure 5.13), due to the 


























































Figure 5.13: Water contact angle of pNIPAM based Laponite® hydrogel with 






5.3.6 Water states and water/polymer interactions study 
As previously mentioned, L-pNIPAM consists of 90 % water and has different 
potential of biomedical and tissue regeneration applications. Therefore, it is 
crucial to understand water behaviour within this material. In the current study 
water states, water/ polymer interactions and dehydration and rehydration 
behaviour, within L-pNIPAM-co-HPMA were studied. 
5.3.7 Dehydration of L-pNIPMA-co-HPMA formulations 
Fourier transform infrared attenuated total reflectance (FTIR-ATR) has proven 
its perfection and accuracy to investigate diffusion and sorption kinetics in 
polymeric materials (31,32). Fourier transform infrared attenuated total 
reflectance (FTIR-ATR) was used to monitor the dehydration process of L-
pNIPAM and L-pNIPAM-co-HPMA, to explore the effect of HPMA as 
comonomer on dehydration behaviour of such materials.  
Samples were synthesis as described in chapter two, section 2.2; 30µl of each 
formulation was pipetted directly onto the ATR crystal which had been pre-set to 
25˚C. Data collection was immediately commenced with 8 scans per spectrum 
at a resolution of 8cm-1 on a Thermo Nicolet Nexus instrument, using a series 
setup, a spectrum was taken automatically every 30 sec for 800m (13.3h).  
For clarity, selected spectra at different time intervals during drying of L-
pNIPAM (1) have been displayed (Figure 5.14). This allows the monitoring of 
the drying of hydrogel samples in real time by following the decrease in intensity 
of the (OH) band, associated with water, between 3600-3100 cm-1, and 
increase intensity of (NH) band  at ~1550 cm-1 this band is also known as the 
amide III band and is indicative of the polymer concentration in the evanescent 
field. In addition, there was shift in (NH) band to lower wavenumber over time, 
this can be related to changes in the local environment of polymer chains and 
therefore be directly linked to hydrogen bonding between water and the polymer 
chains within the system. 
Expansions of these data are shown in Figures 5.15 and 5.16, to highlight the 
observable peak intensity and peak shift changes during the drying process 

























































































































































































































































































































The intensity of the (OH) band was plotted as a function of time for different 
formulations of L-pNIPAM-co-HPMA (Figure 5.17) and this allows the influence 
of HPMA on dehydration rate to be illustrated. 
The intensity of (OH) was observed to increase slightly at the beginning  of the 
experiment, due to cooling of the hydrogel sample, from 50 to 25˚C, where 
(OH) changes as a function of temperature(33) (Figure 5.17). Following, the 
reduction in intensity was shown in two phases, where we speculate free water 
to evaporate firstly and bound water lost later (Figure 5.17).  
Incorporation of HPMA was shown to retard the dehydration rate in the first 
instance, when 5 wt. % HPMA was incorporated, due to an increase in the 
hydrophilic polymeric molecules. However, when the HPMA concentration was 
increased to 10 wt. %, this reduction was less pronounced (Figure 5.17). This is 
observation is counterintuitive, as one would anticipate that increasing the more 
hydrophilic component would further decrease the dehydration rate. 
Investigations were then performed to determine if other factors were 
contributing to the dehydration rate. Contact angle measurements of the L-
pNIPAMx-coHPMAy series shows a systematic decrease in contact angle with 
increased HPMA content, meaning that the surface area of the hydrogel droplet 
increases with HPMA content as one might anticipate. As evaporation is a 
surface effect, one would anticipate that increasing the surface area of the liquid 
hydrogel droplet would accelerate the dehydration process. It is postulated that 
the incongruous dehydration profile for the pNIPAM90-coHPMA10 system is due 
to the competition between the increase in hydrophilicity retarding the 
dehydration rate and the increase in the surface area increasing the 
dehydration rate.  In addition, pore size measurements showed an increase in 
pore size was observed when HPMA incorporated, which may also contribute to 













Figure 5.17: water profiles for different HPMA concentrations hydrogels during 
dehydration. 
 
The change in (NH) band position of pNIPAM, which is a good indicator of 
hydrogen bonding, during water loss is plotted in Figure 5.18. This provides a 
clear indication of a reduction of the number of H-bonds between polymer 
chains and water as the water evaporated. The changes in (NH) band position 
are much more noticeable during the second phase of dehydration, where we 
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Figure 5.18: Shifts in  (NH) band of L-pNIPAM90-co-HPMA10 (1) during 
dehydration. 
 
Free and bound water concentrations were approximated, according to the 
hypothesis of water lost during the dehydration process(34), using polymer 
dehydration profiles for different hydrogel compositions (Figure 5.19). Two 
different phases of water can be observed, as shown in chapter 3. Bound and 
free water contents were calculated for each composition (Figure 5.19). 
Changing the HPMA content in L-pNIPAM-co-HPMA was shown to increase the 
so-called non-freezable water (bound water), due to an increase in the 
hydrophilic polymeric units that interact with water molecules within hydrogel 
structure. Despite the increase in pore size of L-pNIPAM-co-HPMA, with 
increased HPMA content, which one would expect to increase the free water 
fraction, increasing the hydrophilicity of L-pNIPAM-co-HPMA had a strong 
impact on the water state within the hydrogel. The state of water within the 
hydrogels was verified using the 'gold standard' method of differential scanning 
































































Figure 5.19: Bound water content of pNIPAM based Laponite® hydrogel with 
























































Figure 5.20: Bound water content of pNIPAM based Laponite® hydrogel with 
different HPMA concentrations, calculated using DSC. *= P<0.05 
 
These findings were in good agreement with previous studies conducted by 
Mengfan et al (35), where they prepared a super macroporous poly 
(hydroxypropyl methacrylate) cryogel with HPMA concentrations of (5, 7, 8.5 
and 9 v/v %), using N, N′-methylenebisacrylamide (MBAAm) as crosslinker and 
cryogelation method was applied at - 16°C (35,36). They have found that 
increasing the HPMA concentration increased the bound water fraction in 
pHPMA cryogel systematically. 
5.3.8 Rehydration study 
Directly after the dehydration experiment was finished with the dried hydrogel 
sample still in good contact with the ATR crystal. Rehydration studies were 
performed by placing deionised water (18MΩ) in contact with the sample using 
a liquid cell holder. FTIR data collection parameters used were the same as 
those used for the dehydration experiment, however a shorter total collection 
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time of 240 minutes was used. Water absorption was monitored by observing 
changes in the (OH) band between 3600-3100 cm-1 and (NH) (Figure 5.21). 
The intensity of (OH) band increased over time as more water entered the 
sample (Figure 5.22). Shifts in the (NH) band as a function of water content 
indicate changes in the  hydrogen bonding between water molecules and 






































































































































































































































































































































The intensity of (OH) band was plotted as a function of time for L-pNIPAM-co-
HPMA with different HPMA concentrations(Figure 5.24). As the rehydration 
profile is a combination of the rate of hydration and the sample thickness, each 
experiment was plotted individually (organised by colour) to show the 
reproducibility of the experiment. Distinct 'banding' of each of the rehydration 
curves was observed. As can be seen, especially in the 10% HPMA system, 
there is some evidence of delamination during the rehydration experiment. With 
this in mind, careful selection of the linear portion of the rehydration profile 
before the point of delamination and no higher than 0.5 A.U, was used to 
calculate the diffusion coefficients for these data. The diffusion coefficient of 
water through hydrogel samples with different HPMA concentrations, was 
calculated according to Fieldson equation(37,38), as detailed in section 3.6.2.  
Diffusion of water through L-pNIPAM-co-HPMA during the rehydration process 
was shown to be affected by the level of incorporated HPMA, where water 
diffusivity increased when HPMA was incorporated (Figure 5. 25), due to  larger 
pore sizes and increased hydrophilicity of hydrogel, where more hydrophilic 
network leads to greater sorption of water(39). In addition, the decrease of 
hydrogel stiffness as HPMA concentration was increased could also affect the 
mobility of molecules through the sample. Calculation of the D values as a 
function of HPMA content shows a systematic and statistically significant 
increase in the rehydration rate. Incorporating HPMA was shown to increase the 
rehydration rate of L-pNIPAM, due to an increase in hydrophilicity, pore size 










                                                                                            































































Figure 5.25: Diffusion coefficient of pNIPAM base d Laponite® hydrogel with 
different HPMA concentrations. 
 
Observable shifts within the (NH) band of L-pNIPAM90-co-HPMA10 (1) during 
the rehydration process was plotted as a function of time, showing shifting to 
higher wavenumber as more water was absorbed by the sample and increasing 
the level of hydrogen bonding between polymeric chains and absorbed water in 




Figure 5.26: Shifts in  (NH) band of L-pNIPAM90-co-HPMA10 (1) during 
rehydration. 
 
5.3.9 Influence of HPMA on cell behaviour 
Rat stem cells were used initially, to explore effects of adding HPMA on cell 
proliferation within pNIPAM based Laponite® injectable hydrogel. Where 
cytotoxicity where measured and number of live cells was estimated, using 
Alamar blue protocol. Verification was done using human mesenchymal stem 
cells (hMSC), by repeating exactly the same steps and using Alamar blue. 
Where metabolic cell activity was measured to hMSC within different pNIPAM 
based Laponite® injectable hydrogel with different HPMA concentrations.  Both 
types of cells were cultured within the hydrogel, and metabolic cell activity level 
was assessed following 0, 2 and 7 days in culture.  
  
5.3.9.1 Influence of HPMA on proliferation of rat stem cells 
Rat stem cells were used to investigate the influence of adding HPMA on 
viability of cells within pNIPAM based Laponite® injectable hydrogel (Figure 5. 
27). Significant differences in metabolic cell activity and number of live cells 
were detected on day 0 between hydrogel without HPMA incorporated and two 
other formulations that contain 5 and 10wt. % HPMA. An increase in the 
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metabolic activity indicating a potential increase in the number of live cells 
within hydrogels containing HPMA was observed (Figure 5. 27). All hydrogel 
formulations were shown to decrease metabolic cell activity from day 0 to day 2 
(Figure 5. 27), which have been detected in many previous studies (16,40), due 
to change in cells environment. On day 7 metabolic cell activity and thus 
number of live cells were increased within all hydrogel composition that were 
investigated (Figure 5. 27). However, significant differences were observed in 
metabolic cell activity between L-pNIPAM90-coHPMA10 (1) and two other 
formulations (Figure 5.27). Demonstrating that, proliferation of the cells within L-
pNIPAM90-coHPMA10 (1) was significantly more than other two formulations. 
Considering bigger pore size was shown as a result of incorporate HPMA and 
higher water diffusivity, which are important factors that affect the cells within 
material used as scaffold (41–43). Increase diffusivity of the water and 
molecules into hydrogel structure improves oxygen and nutrient supply to the 
cells and ease waste removal(43), which could be a reason for increased cell 
proliferation within this material. Therefore, increase in cells proliferation were 
seen at day 7 within L-pNIPAM90-coHPMA10 (1) that showed the biggest pore 
size and highest water diffusivity when compared to L-pNIPAM95-coHPMA5 (1) 
and L-pNIPAM (1). In addition, increase in bound water fraction within pNIPAM 
based Laponite® injectable hydrogel, as a result of adding HPMA was shown to 






















































































































































































































































5.3.9.2 Influence of HPMA on proliferation of hMSC cells 
Human mesenchymal stem cells (hMSC) were used to verify the influence of 
incorporate HPMA into pNIPAM based Laponite® injectable hydrogel. Where 
Alamar blue protocol was used to investigate the effect of HPMA on human 
mesenchymal stem cell (hMSC) proliferation within pNIPAM based Laponite® 
injectable hydrogel. On day 0 all formulations showed similar metabolic cell 
activity for the cells cultured within hydrogels structures (figure 5.28). Day 2 was 
shown slight decrease in metabolic cell activity within all hydrogel formulations 
(Figure 5.28). Increase metabolic cell activity and number of live cells was 
observed within all formulations on day 7 of culture, and a significant difference 
was detected in the proliferation of the cells within pNIPAM based Laponite® 
injectable hydrogel that contain 10wt. % HPMA, when compared to the other 
formulations (Figure 5.28). These results confirmed the data show in rat stem 
cells.  
Incorporation of HPMA was shown to enhance the number of live cells and 
proliferation up to 7 days in culture, due to enhancement in physical properties 
of pNIPAM based Laponite® injectable hydrogel, when HPMA was incorporated. 
Pore size of pNIPAM hydrogel was increased when HPMA incorporated, which 
increase spaces for more cells to occupy these interconnected pores. Also, 
hydrophilicity of the hydrogel increased as HPMA was added, which inhibited 
dehydration rate of pNIPAM based Laponite® injectable hydrogel, due to adding 
HPMA. On other hand, water diffusivity of pNIPAM based Laponite® injectable 
hydrogel increased, as HPMA incorporated, which increase nutrients absorption 
and oxygen permeability to the cells. Despite of decrease in mechanical 
strength as HPMA incorporated, which may adversely affect the cells within the 
hydrogel, but it is usually showed that culturing the cells within hydrogel material 
enhance mechanical strength of this material, due to cellular matrix that 










































































































































































































































5.3.9.3 Scanning electron microscopy investigation of human 
mesenchymal stem cells (hMSC) within pNIPAM based Laponite® 
injectable hydrogel 
Scanning electron microscopy was used for further investigation of influence of 
adding HPMA on human mesenchymal stem cells (hMSC) cell proliferation, 
where cells were either layered on the surface of the hydrogel or encapsulated 
within and cultured up to 2 weeks. 
5.3.9.3.1 Scanning electron microscopy investigation of human 
mesenchymal stem cells (hMSC) layered on hydrogel samples surface 
Human mesenchymal stem cells (hMSC) were layered on the surface of the 
hydrogel to investigate the effect of adding HPMA on cell proliferation. SEM 
images showed cells filling the pores of honeycomb like structure of the 
hydrogel with and without HPMA, after 2 weeks in culture (Figure 5.29). 
However, L-pNIPAM90-coHPMA10 (1) demonstrated a dense matrix deposition 
which was thought to be extracellular matrix (Figure 5.29). Further magnification 
showed some spherical single cells occupying the pore size of L-pNIPAM (1), 
whereas extracellular matrix was observed within L-pNIPAM90-coHPMA10 (1) 
(Figure 5.29). These observations confirm our findings that obtained using 
Alamar blue protocol, where adding HPMA to pNIPAM based Laponite® 
injectable hydrogel enhance proliferation of the cells within this material, due to 
enhancement that shown in physical properties, when HPAM was added.  
Anna K. et al explored the influence of mechanical stiffness and swelling 
behaviour of poly (ethylene glycol) (PEG) hydrogel on human mesenchymal 
stem cells (hMSCs) behaviour, where osteogenic differentiation was induced 
chemically using differentiation media contained adipogenic differentiation 
media or osteogenic differentiation media. They produced soft and stiff PEG 
hydrogel, with mechanical stiffness of 8-10 kpa and   50-60 kpa respectively, 
where the equilibrium swelling degree of the soft hydrogel formulations was 
twice that of stiff hydrogel.  their results were demonstrated that human 
mesenchymal stem cells (hMSCs) cultured in soft hydrogel, were showed 
significantly higher alkaline phosphatase (alp) expression, and there was no 
significant differences in runx2 expression in both hydrogel stiffness(44).  
Other study was conducted by Ciara et al, where collagen-glycosaminoglycan 
(CG) scaffold was produced by blending micro-fibrillar bovine tendon collagen 
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with chondroitin-6-sulphate, isolated from shark cartilage, in 0.05 M acetic acid. 
Scaffold pore size was varied with a range of 85 - 325μm, and pre-osteoblastic 
cell line (MC3T3-E1) was cultured within collagen based scaffold, to investigate 
influence of pore size on cell number and behaviour. They found that increase 
pore size of CG scaffold increased the number of live cells within its structure 
up to 7 days, where haemocytometer was used to count the live cell number in 
different CG scaffold with different pore size. In addition, cell adhesion was 
increased as pore size was increased, in the first 48 hours, which plays crucial 
rule in cell differentiation within the scaffold later on(45,46).  
ShihJye T. investigated the effects of Injectable transglutaminase cross-linked 
gelatine (TG-Gel) on osteogenic differentiation of Mouse C2C12 myoblast cells. 
They produced different composition with different mechanical stiffness by 
changing the concentration of gelatine (3, 6 and 9%), where compression 
strength was ranging between 1.58 - 32.32 kpa, and porosity of 17 - 58.38 %. 
The results were showed that stiffer TG-Gel facilitated osteogenic differentiation, 
where Calcium deposition within 9% TG-Gel was increased significantly after 
two weeks in culture. 
In the current study pNIPAM based Laponite® hydrogel was showed mechanical 
stiffness of ~ 104 kpa for hydrogel without HPMA incorporated, and 102 kpa 
when 10wt. % HPMA was incorporated, which much stiffer than (PEG) that 
used by Anna K. et al(44) and ShihJye T(47).  In addition, adding HPMA was 
also showed increase in pore size and equilibrium swelling degree, which may 
explain the increase in cell density in hydrogel contained HPMA, due to 
increase the ability of the hydrogel to absorb nutrients. 
Our findings were also demonstrated that adding HPMA increased the number 
of live cells within pNIPAM based Laponite® hydrogel, due to increase pore size 






























Figure 5.29: Scanning electron microscopy (SEM) of hMSC layered on hydrogel 





5.3.9.3.2 Scanning electron microscopy investigation of human 
mesenchymal stem cells (hMSC) suspended into hydrogel samples 
Suspension of hMSC cells were mixed with liquid hydrogel at density of 1x106 
cells/ml and, after 2 weeks in culture samples were prepared as described in 
chapter two. SEM images were captured and analysed visually to explore 
effects of adding HPMA to pNIPAM based Laponite® injectable hydrogel, on the 
cells that suspended into the hydrogel structures. SEM images of broken 
hydrogel samples showed hMSC cells filled the interconnected pore structure of 
the hydrogel with different density (Figure 5.30). Where hydrogel without HPMA 
showed spherical shapes within the pores with limited matrix deposition, the 
materials were heterogeneous and cells didn’t not appear to cover the whole 
surface (Figure 5.30), whereas hydrogel with HPMA incorporated showed very 
dense structure due to progressive increase in the number of the cells and 
matrix deposition covering its pore structure (Figure 5.30).  
Scanning electron microscope observations were in agreement with the results 
obtained by Alamar blue assay, and give explanation of how the changes in 
hydrogel structures were impacted cell behaviour within pNIPAM based 
Laponite® injectable hydrogel. Proliferation of the cells was increased noticeably 
when HPMA was incorporated, due to enhancement that observed in the 
properties of the hydrogel when HPMA was added. Where dehydration rate was 
decreased and rehydration increased, bigger pore size was detected, smaller 
water contact angle was observed and higher water diffusivity within the 
hydrogel structure was observed. These improvements enhanced the 
proliferation of the cells within pNIPAM based Laponite® injectable hydrogel. 
Better proliferation of hMSC cells was showed within pNIPAM based Laponite® 
injectable hydrogel with HPMA incorporated, and higher number of live cells 
within its structure. Therefore, further investigation was subjected to explore the 






























Figure 5.30: Scanning electron microscopy (SEM) of hMSC suspended into 





In this chapter, the effects of adding hydroxypropyl methacrylate (HPMA) on 
physical, mechanical and cell viability of L-pNIPAM was investigated in depth. 
Where the thermal response of L-pNIPAM-co-HPMA was investigated, results 
showed that the lower critical solution temperature of pNIPAM hydrogel was 
significantly decreased as HPMA incorporated. Morphological studies showed 
that incorporating 5wt. % HPMA increased the average pore size of the 
hydrogel significantly. However, when HPMA concentration was doubled pore 
size of resulted hydrogel seemed to be slightly decreased when compared to 5 
wt. % hydrogel. This reduction could be as a result of increase heterogeneity of 
the hydrogel as HPMA concentration increased. the viscoelastic behaviour of L-
pNIPAM-co-HPMA was shown to be influenced by the level of HPMA, where 
significant decreases in storage modulus were recorded as HPMA was 
incorporated.    
The swelling ratio of L-pNIPAM-co-HPMA was increased when HPMA 
incorporated, due to the increased pore size and a shorter period of time was 
needed for the swelling process to occur. Equilibrium swelling degree was 
increased due to increase pore size and increased chain mobility with HPMA 
incorporated. 
The deswelling ratio was decreased as HPMA incorporated. Also, maximum 
degree of deswelling was reduced as HPMA was added. 
Contact angle of dried hydrogel films on a glass slide surface was measured 
and results showed a decrease in contact angle. Water contact angle of L-
pNIPAM-co-HPMA decreased as HPMA incorporated, due to the increase 
hydrophilicity. 
Dehydration rate of L-pNIPAM-co-HPMA was decreased as 5wt. % of HPMA 
was incorporated, due to increased proportion of more hydrophilic polymeric 
units that were able to bind with water molecules within the hydrogel matrix. In 
addition bigger pore size makes dehydration faster. However, when the HPMA 
concentration doubled, dehydration rate was decreased, as a result of 
numerous factors; contact angle measurement of liquid hydrogels showed 
increase in surface area as HPMA concentration increased. Also, Pore size 
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measurements were showed increase in size which could lead to a faster 
dehydration rate.  
Water states were calculated to investigate the influence of adding HPMA on 
bound and free water proportion in cast solutions. Bound water was 
proportionally increased when HPMA was incorporated.    
Rehydration studies revealed that incorporation of 5wt. % HPMA elevated 
rehydration rate of L-pNIPAM-co-HPMA, due to the increase in pore size and 
elasticity of hydrogel when HPMA was added. However, when further HPMA 
was added a reduction in rehydration rate was observed due to increase 
hydrophilic polymeric units able to interact with absorbed water molecules, 
causing to retard rehydration process. 
Water diffusivity through L-pNIPAM was increased as HPMA incorporated, due 
to bigger pore size. 
Interestingly, adding HPMA to L-pNIPAM was found to enhance cell viability of 
hMSCs. The number of live cells was significantly increased (P<0.05) when 
HPMA was added, due to larger pores, which are occupied by cells. In addition, 
proliferation of hMSCs was better than in the hydrogel without HPMA, as a 
result of increase in diffusion coefficient when HPMA was added; hence more 
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Chapter - 6 
Incorporation of hydroxyapatite 















Hydroxyapatite (HAp, Ca10 (PO4)6(OH)2) exists naturally in bones and teeth as 
the main inorganic constituent. Thus, synthetic hydroxyapatite has attracted 
great attention by researchers to be studied as a potential bone substitute, due 
to its similarity to the natural material(1–3). Presently, synthetic hydroxyapatite 
has been broadly considered as a part of bionanocomposite materials, due to 
its applications in the biomedical field and new potential specific applications in 
bone repair (4). In the last decade hydroxyapatite was used as temporary 
scaffolds to give mechanical support for damaged tissues, until they have 
regenerated naturally. In addition, researchers have studied the possibility of 
adding hydroxyapatite nanoparticles to bioscaffold materials, to enhance 
mechanical properties(5) and to stimulate of osteogenic differentiation(6,7). 
In the current work 0.5 mg/ml synthetic hydroxyapatite nanoparticle (HAPna) 
was incorporated into different formulations of pNIPAM based Laponite® 
injectable hydrogels, to induce osteogenic differentiation of human 
mesenchymal stem cells (hMSC)(7). Previously, Thorpe et al studied the 
influence of adding two different concentration of synthetic HAPna; they added 
0.5 and 1mg/ml to L-pNIPAM-co-DMAc prior to incorporating hMSCs into the 
hydrogel. They found that the optimised concentration of HAPna was 0.5mg/ml, 
where adding 0.5mg/ml of HAPna to L-pNIPAM-co-DMAc was shown to 
enhance mechanical stiffness of the hydrogel as well as induced osteogenic 
differentiation of hMSCs. 
In this chapter, the influence of adding synthetic hydroxyapatite on material 
behaviour and structure were assessed and investigated. In addition, the impact 
of HAPna on osteogenic differentiation of hMSC was explored. 
 
6.2 Synthesis of pNIPAM based Laponite® hydrogel and 
incorporating hydroxyapatite nanoparticles 
The procedure of hydrogel synthesis was given and detailed in Chapter 2.2.  
Four different hydrogel compositions were used as follows: L-pNIPAM (0.5), L-
pNIPAM (1), L-pNIPAM (1.5) and L-pNIPAM90-co-HPA10 (1) and the exact 
composition of the hydrogels is given in Table 2.1. Once synthesised, the 
211 
 
hydrogel was cooled to 50°C and HAPna (<200 nm, 10wt. % in H2O) (Sigma, 
Poole UK) was added to the hydrogel at concentration of 0.5mg/ml. 
Subsequently, hydrogel/HAPna mixture was homogenously mixed prior to use 
to ensure HAPna does not precipitated.  
 
6.3 Morphological study and pore size measurements 
The influence of incorporating hydroxyapatite nanoparticles on the morphology 
of pNIPAM based Laponite® hydrogels was explored using scanning electron 
microscopy. SEM images of different composition were used to investigate the 
possible changes in internal structure of hydrogel samples and pore size 
measurements (Figure 6.1). Six images of each composition were used to 
measure the pore size. The distribution of pore size measurements were plotted 
to demonstrate the effect of incorporating hydroxyapatite on the morphology of 
different compositions (Figure 6.2-6.5). No aggregates were observed within the 
explored compositions as shown in SEM images (Figure 6.1) indicating an 
homogeneous dispersion of hydroxyapatite nanoparticles, within the hydrogel 
structures.    
Generally, the honeycomb like structure of the hydrogel was not changed, when 
HAPna was added, in all studied compositions. However a reduction in pore 
size was observed when HAPna was incorporated, especially in L-pNIPAM (1) 
and L-pNIPAM (1.5), where significant reduction in pore size of those two 
compositions was found (Figure 6.3 and 6.4). For L-pNIPAM (0.5) pore size was 
slightly decreased as HAPna was added (Figure 6.2). 
Adding hydroxyapatite has also shown to change the interconnected structure, 
where the shape and distribution of pores were changed. However, no 
significant change in pore size of L-pNIPAM90-co-HPMA10 was observed (Figure 
6.4). 
These findings are in agreement with previous results shown by Akhilesh et al, 
in different hydrogel system. They have studied the effect of adding different 
concentrations (5, 10 and 15%) of hydroxyapatite to poly (ethylene glycol) 
hydrogel. They concluded that, hydroxyapatite nanoparticles decrease the pore 
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size in systematic manner, within the investigated concentrations of 
hydroxyapatite(8).  
In current study, it is also has been found a reduction in hydrogel pore size of 
the hydrogel with higher crosslink density, when hydroxyapatite was 
incorporated, despite of using low concentration of hydroxyapatite. Furthermore, 
no aggregates were observed within the explored compositions as shown in 
SEM images (Figure 6.1) indicating that, homogeneous dispersion of 























Figure 6.1: Scanning electron microscopy images of L-pNIPAM hydrogels with 
and without HAPna incorporated, illustrate the effect of HAPna on the 
























































Figure 6.3: Pore size distribution of L-pNIPAM (1) with and without synthetic 














Figure 6.4: Pore size distribution of L-pNIPAM (1.5) with and without synthetic 
hydroxyapatite incorporated, showing statistical difference. *=P<0.05. 
 

















Figure 6.4: Pore size distribution of L-pNIPAM90-co-HPMA10 (1) with and without 




6.3 Mechanical properties 
The storage modulus of pNIPAM based Laponite® hydrogels and 
hydroxyapatite nanoparticles - pNIPAM based Laponite® hydrogels was 
evaluated, using dynamic mechanical analysis in compression mode (using the 
parameters outlined in Chapter 2. section 2.1. 
The effect of hydroxyapatite on mechanical properties of different compositions 
of pNIPAM based Laponite® hydrogel are shown in Figures 6.5 - 6.8. In general, 
the incorporation of HAPna increased the storage modulus of pNIPAM based 
Laponite® hydrogels for all studied compositions (Figure 6.5 - 6.8). However, 
there was no significant difference in the stiffness of   (L-pNIPAM (0.5) as a 
result of adding 0.5mg/ml HAPna (Figure 6.5).  
Significant increases in hydrogel stiffness were observed within two 
compositions (L-pNIPAM (1) and L-pNIPAM (1.5)), that contained the higher 
crosslink density (Figure 6.6 and 6.7). No significant difference in the 
mechanical stiffness of the hydrogel was observed when 0.5mg/ml of HAPna 
was added into L-pNIPAM90-co-HPMA10 (1) (Figure 6.8). 
Nanoparticles can act as crosslinkers to the polymeric chains, which enhances 
the mechanical properties(9). In this study hydroxyapatite was added to L-
pNIPAM hydrogels after the polymerisation reaction was finished, and no further 
heating was applied. We postulate that hydroxyapatite nanoparticles occupied 
the interstitial spaces within the structure of the hydrogel samples. As pore 
sizes of the studied hydrogels were shown to vary, before adding 
hydroxyapatite (particle size<200 nm), Therefore, the influence that 
hydroxyapatite has on the morphology and mechanical properties of the 
hydrogel is dependent on the original pore size. The influence of HAPna 
incorporation was limited on the hydrogel with bigger pore size (Figure 6.5 and 
6.8).  
Synthesised hydroxyapatite has been found to influence the mechanical 
properties of different hydrogel systems. Akhilesh et al showed that adding 
hydroxyapatite into poly (ethylene glycol) hydrogels increased tensile and 
compression strengths, and both tensile and compression moduli increased 
systematically with increased hydroxyapatite concentrations within the studied 
limits (5, 10 and 15%)(8). 
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Jiang et al. have used hydroxyapatite nanowires (HANWs), to enhance the 
mechanical properties of sodium alginate hydrogel materials. They concluded 
that incorporation of HANWs was shown to enhance both tensile and 
compression moduli in a systematic manner(10). 
Furthermore, Thorpe et al, demonstrated increased hydroxyapatite nanoparticle 
(HAPna) concentration from 0.5 to 1mg/ml increased the storage modulus of 
pNIPAM/DMAc based Laponite® hydrogels (7).  
 





















Figure 6.5: Storage modulus of L-pNIPAM (0.5) with and without synthetic 






























































Figure 6.6: Storage modulus of L-pNIPAM (1) with and without synthetic 











































Figure 6.7: Storage modulus of L-pNIPAM (1.5) with and without synthetic 

























Figure 6.8: Storage modulus of L-pNIPAM90-co-HPMA10 (1) with and without 
synthetic hydroxyapatite incorporated. 
 
By adding extra water to the system, when 10% HAPna/water suspension was 
incorporated, we may expect a negative impact on mechanical strength of L-
pNIPAM hydrogels. Therefore, a calculation of the change in water fraction was 
done as follows: 







                                             (6.1) 






= =  0.0004817ml                  (6.2) 
0.0004817ml of HAPna dispersion contains 0.000434 ml water (90%). 
This shows that the water content of the hydrogel will slightly increase upon the 
addition of the HAPna suspension, which would have a negative impact on the 
mechanical strength. However, here we have shown that this effect is 
dramatically offset by the influence that the HAPna have on mechanical 
properties. We propose that the HAPna supplements the crosslinking effect of 
the Laponite® and this manifests itself as an increase in the mechanical strength 
of the hydrogels coupled with a reduction in the median pore size.  
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6.4 swelling behaviour 
The swelling ratio of different compositions of L-pNIPAM as-synthesised and 
with HAPna incorporated at a concentration of 0.5mg/ml, was performed in 
distilled water at 25°C for up to 24 hours, to explore the influence of HAPna on 
the swelling behaviour.  
The swelling ratio of L-pNIPAM (0.5) with and without HAPna is illustrated in 
figure 6.9, demonstrating the influence of adding HAPna on swelling ratio of the 
hydrogel, where swelling ratio was reduced as HAPna was incorporated. Also, 
the equilibrium swelling degree of L-pNIPAM (0.5) was slightly decreased when 
HAPna was added (Figure 6.9). The swelling ratio of L-pNIPAM (1) was shown 
to be noticeably affected by adding HAPna, and therefore equilibrium swelling 
degree of L-pNIPAM (1) was significantly reduced (Figure 6.10). A significant 
reduction in swelling ratio was found when HAPna was added to L-pNIPAM 
(1.5) (Figure 6.11), and equilibrium swelling degree was decreased dramatically 
(Figure 6.12). Limited impact was recorded, when HAPna was added to L-
pNIPAM90-co-HPMA10 (1), on both swelling ratio and equilibrium swelling 
degree (Figure 6.13 and 14). 
The observation that hydrogels with HAPna incorporated have lower swelling 
ratio than as-synthesised hydrogels, is most likely to be due to a more rigid 
hydrogel structure. Furthermore, hydrogel based HAPna were shown to have 
lower values of equilibrium swelling ratio (ESR), most probably due to a 
reduction in the median pore size as HAPna was added. 
Zhiyong et al, have studied the effects of the incorporation of hydroxyapatite on 
tough polyacrylamide (PAAm) hydrogels. They added HAP at a concentration of 
29 and 39 wt. %. Demonstrating that addition of HAPna decreased the swelling 
ratio and ESR of these hydrogels in (PBS). Also, increasing HAP concentration 
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Figure 6.9: Swelling ratio of L-pNIPAM (0.5) with and without synthetic 
hydroxyapatite incorporated. 
 





















Figure 6.10: Equilibrium swelling degree of L-pNIPAM (0.5) with and without 
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Figure 6.11: Swelling ratio of L-pNIPAM (1) with and without synthetic 
hydroxyapatite incorporated. 
 





















Figure 6.12: Equilibrium swelling degree of L-pNIPAM (1) with and without 






Figure 6.13: Swelling ratio of L-pNIPAM (1.5) with and without synthetic 
hydroxyapatite incorporated. 
 




















Figure 6.14: Equilibrium swelling degree of L-pNIPAM (1.5) with and without 
synthetic hydroxyapatite incorporated, show significant difference. *=P<0.05 
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Figure 6.15: Swelling ratio of L-pNIPAM90-co-HPMA10 (1) with and without 
synthetic hydroxyapatite incorporated. 
 




















Figure 6.16: Equilibrium swelling degree of L-pNIPAM90-co-HPMA10 (1) with and 
without synthetic hydroxyapatite incorporated. 
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Since L-pNIPAM hydrogels, are thermoresponsive hydrogels, that possess sol-
gel transition around its lower critical solution temperature (LCST), as 
mentioned in chapter 1, section 1.4. Therefore, deswelling kinetics as a 
response to changes in temperature was performed, to investigate influence of 
adding HAPna on thermoresponsive behaviour of pNIPAM based Laponite® 
injectable hydrogels. Temperature was elevated from 25 to 62 °C and shrinkage 
as a response to thermal changes was measured as detailed in Chapter 2.2.  
The deswelling ratio of hydrogels can be impacted by multiple factors; including 
the lower critical solution temperature (LCST), the stiffness and the pore size.  
The hydrogel stiffness could affect the mobility of the polymer chains within the 
internal structure, where more rigid networks may result in a slower deswelling 
ratio.  Bigger or smaller pore sizes could affect the deswelling equilibrium 
degree, as smaller pore sizes lead to lower deswelling equilibrium degree and 
vice versa. 
Deswelling ratio of L-pNIPAM (0.5) was reduced when HAPna was incorporated 
(Figure 6.17), specifically after the first hour, when the hydrogel with HAPna 
incorporated became more likely to achieve the maximum deswelling degree. 
The maximum degree of deswelling was decreased as HAPna was added 
(Figure 6.18). 
Incorporation of HAPna into L-pNIPAM (1) was shown to decrease the 
deswelling ratio (Figure 6.19) and significantly reduced the maximum degree of 
deswelling for L-pNIPAM (1) (Figure 6.20). 
The highest crosslink density L-pNIPAM (1.5) hydrogel also showed the lowest 
deswelling ratio when HAPna was incorporated, and a longer time was needed 
to reach the maximum degree of deswelling (Figure 6.21). The maximum 
degree of deswelling in this composition was dramatically decreased (Figure 
6.22). 
Incorporation of HAPna into pNIPAM90-co-HPMA10 (1) was found to slightly 
affect both deswelling ratio and maximum degree of deswelling (Figure 6.23 
and 24). However, the deswelling rate was observed to be noticeably affected, 
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where pNIPAM90-co-HPMA10 (1) possessed very different deswelling rate as 
HAPna was incorporated (Figure 6.23). 
In the current study, we have found that incorporation of HAPna decreased 
deswelling ratio and equilibrium deswelling degree in all pNIPAM based 
Laponite® hydrogel samples studied. The most obvious deswelling restriction 
was found in 1 and 1.5 wt. % crosslink density hydrogels, where equilibrium 
deswelling degree was significantly lower in hydrogel with HAPna incorporated 
than as - synthesised hydrogels (Figure 6.20 and 6.22).  
Z. Guifu et al, have investigated the influence of laminated hydroxypatite on 
chitosan (CS) hydrogels used for pharmacutical applications, with a range of 
different HAP concentrations (1, 2 and 3 wt. %). They found that HAP 
decreased deswelling rate which is a positive impact for CS-HA hydrogels used 
in slow drug release(17). In this current study it was also found HAPna reduced 
the deswelling ratio and maximum degree of deswelling, despite using very low 
concntrations of synthetic HAPna.  
The deswelling of L-pNIPAM hydrogels, as a thermal response was restricted 
when HAPna incorporated, due to changes in structure and mechanical 
strength. Smaller pore size and rigid structure would result in slower deswelling 
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Figure 6.17: Deswelling ratio of L-pNIPAM (0.5) with and without synthetic 
hydroxyapatite incorporated. 
 






















Figure 6.18: Equilibrium deswelling degree of L-pNIPAM (0.5) with and without 
synthetic hydroxyapatite incorporated. 
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Figure 6.19: Deswelling ratio of L-pNIPAM (1) with and without synthetic 
hydroxyapatite incorporated. 
 
























Figure 6.20: Equilibrium deswelling degree of L-pNIPAM (1) with and without 
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Figure 6.21: Deswelling ratio of L-pNIPAM (1.5) with and without synthetic 
hydroxyapatite incorporated. 
 























Figure 6.22: Equilibrium deswelling degree of L-pNIPAM (1.5) with and without 
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Figure 6.23: Deswelling ratio of L-pNIPAM90-co-HPA10 (1) with and without 
synthetic hydroxyapatite incorporated.  
 





















Figure 6.24: Equilibrium deswelling degree of L-pNIPAM90-co-HPA10 (1) with 




6.6 influence of incorporate of hydroxyapatite on cell behaviour 
Two compositions of L-pNIPAM hydrogels were selected, for further studies 
based on the results obtained from Alamar blue staining and SEM images for 
both cells suspended into and layered on different compositions. L-pNIPAM90-
co-HPA10 (1) and L-pNIPAM (1) exhibited the highest number of live cells; 
hence further investigations were needed to explore the ability of these 
compositions to induce osteogenic differentiation of human mesenchymal stem 
cells (hMSC). 
 
Synthesised hydroxyapatite nanoparticles (HAPna) were incorporated into two 
compositions of L-pNIPAM hydrogel, to promote osteogenic differentiation of 
human mesenchymal stem cells (hMSC). Thorpe A. et al (2016) found that by 
incorporating of HAPna into L-pNIPAM-co-DMAC hydrogel, bone differentiation 
markers and collagen deposition were induced within 48 h, and calcium 
deposition was increased with time in culture(7). Thorpe. et al. (2016) 
investigated two concentrations of synthesised HAPna (0.5 and 1mg/ml), where 
the optimum concentration was 0.5mg/ml and 1mg/ml was found to be cytotoxic. 
Therefore, in this study 0.5mg/ml HAPna was incorporated into the selected two 
compositions of L- pNIPAM hydrogel (L-pNIPAM90-co-HPA10 (1) and L-pNIPAM 
(1)), to promote osteogenic differentiation of human mesenchymal stem cells 
(hMSC). HAPna was incorporated prior to gelation, and mixed homogeneously 
to avoid precipitation of HAPna. 
6.6.1 Scanning electron microscopy investigation 
Scanning electron microscopy images of hMSC cells cultured within the 
selected compositions of L-pNIPAM. Culture durations of 2 days, 2 and 4 weeks 
were used to explore the morphology of hydrogels following incorporation of 
hMSC cells. SEM images at a range of magnifications were captured to 
investigate the differences between the morphology and density of hMSC cells 
within pNIPAM based Laponite® hydrogel, to explore the influence of 
incorporation of 0.5mg/ml HAPna on cell behaviour. 
Following two days in culture within all hydrogels investigated, SEM images 
demonstrated cells occupying the interconnected structure of the hydrogels 
(Figure 6.25 and 26). L-pNIPAM (1) without HAPna incorporated displayed 
single cells with spherical shape occupying the pores of the hydrogel; 
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extracellular matrix material was also seen within the hydrogel (Figure 6.25). 
When HAPna was incorporated into L-pNIPAM (1) and after two days in culture 
cell density within hydrogel structure was increased, compared to the hydrogel 
without HAPna incorporated (Figure 6.25).  
L-pNIPAM90-co-HPMA10 (1) showed a denser structure than L-pNIPAM (1), 
where more single cells were observed within hydrogel, which appeared to be 
closer together than seen in L-pNIPAM (1). Following 2 days, the interconnected 
porous structure of L-pNIPAM90-co-HPMA10 (1) hydrogel was completely filled 
(Figure 6.26). 
Incorporation of HAPna into L-pNIPAM90-co-HPMA10 (1) appeared to increase 
the deposition of extracellular matrix within the hydrogel, where no single cells 
could be observed in this composition following 2 days in culture (Figure 6.26).  
Incorporation of HAPna into L-pNIPAM hydrogels increased the number of 
viable cells within the hydrogel matrix, in both L-pNIPAM (1) and L-pNIPAM90-
co-HPMA10 (1), this could be as a result of the increased hydrogel stiffness 
following incorporation of HAPna. Extracellular matrix deposition was increased 












Figure 6.25: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM (1) hydrogel with and without 0.5mg/ml HAPna, following 2 days in 








Figure 6.26: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM90-co-HPMA10 (1) hydrogel with and without 0.5mg/ml HAPna, following 
2 days in culture. Scale bare 30 and 100 μm. 
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Following two weeks in culture, L-pNIPAM (1) showed an increase cellular 
material and deposition of extracellular matrix (Figure 6.27), whilst hydrogels 
containing HAPna displayed denser matrix deposition and following 2 weeks no 
observable pores were seen (Figure 6.27).  
Cells cultured within L-pNIPAM90-co-HPMA10 (1) for two weeks produced a 
dense extracellular matrix, which filled nearly all the pores. The matrix density 




























Figure 6.27: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM (1) hydrogel with and without 0.5mg/ml HAPna, following 2 weeks in 


























Figure 6.28: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM90-co-HPMA10 (1) hydrogel with and without 0.5mg/ml HAPna, following 




SEM images of hMSC cultured within pNIPAM based Laponite® injectable 
hydrogel for four weeks, showed a progressive increase in the structural density 
of the hydrogel (Figure 6.29 and 30). However, the morphology of hMSC 
hydrogel was dependant on the composition, where L-pNIPAM (1) displayed an 
even coating, whereas incorporation of HAPna resulted in an undulating surface, 
which might be due to cellular differentiation (Figure 6.29).  
For cells cultured within L-pNIPAM90-co-HPMA10 (1) structure, SEM images 
were showed similar morphology for hMSC hydrogel with and without HAPna 
incorporated (Figure 6.30). In other words, cells produced similar shape of 
extracellular matrix, hence further investigations are required to explore type of 
cells, that produced by differentiation of hMSC within different hydrogel 
composition. Therefore histological and immunohistochemistry investigations 
were conducted to identify the composition of the extracellular matrix that was 







































Figure 6.29: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM (1) hydrogel with and without 0.5mg/ml HAPna, following 4 weeks in 


























Figure 6.30: Scanning electron microscopy (SEM) of hMSC and acellular L-
pNIPAM90-co-HPMA10 (1) hydrogel with and without 0.5mg/ml HAPna, 
following 4 weeks in culture. Scale bare 30 and 100 μm. 
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6.6.2 Histological assessment of cellular matrix within the hydrogel 
6.6.2.1 Morphology of Live cells within hydrogel 
General morphology of hMSC cultured within different hydrogel compositions 
were assessed using haematoxylin & eosin (H&E). Cells were detected within 
the hydrogel at all time points, where cells increased with time in culture (Figure 
6.31). However, the highest number of observed cells was detected within L-
pNIPAM90-co-HPMA10 (1) and L-pNIPAM90-co-HPMA10 HAP (1), which were 
confirmed by metabolic cell activity measurement and SEM. As mentioned 
previously, an increase in number of cells in L-pNIPAM90-co-HPMA10 (1) and L-
pNIPAM90-co-HPMA10 HAP (1) could be due to increased pore size or altered 
mechanical properties when HPMA was incorporated. 
 
Figure 6.31: Histological stains: Haematoxylin and Eosin (H&E) for cell 
morphology, following 2 days, 2 and 4 weeks. Scale bare 100 μm.  
242 
 
6.6.2.2 Histological evaluation of proteoglycan deposition within 
Hydrogels 
Proteoglycan is one of the main components of cartilage which in bone forming 
from osteochondrial ossification is an important intermediary extracellular matrix 
(18,19). In this study Alcian blue (AB) was used to histologically stain for 
proteoglycan deposition, as described in chapter two. Areas of blue staining 
were observed within hydrogel matrix on all hydrogel samples (Figure 6.32). 
Proteoglycan deposition was detected within cultures from 2 days to 4 weeks; 
especially within hydrogels containing HAPna (Figure 6.32). 
 
 
Figure 6.32: Histological stains: Alcian Blue (AB) for proteoglycans, following 2 







6.6.2.3 Evaluation of calcium deposition within Hydrogel matrix 
Calcium is one of the main minerals that construct bone tissue; hence calcium 
deposition was selected in this study to be assessed as a sign of bone 
differentiation and mineralisation. Alizarin red was used to stain calcium 
deposition within extracellular matrix, where hMSC hydrogels were stained as 
detailed in chapter two, section 2.5.3. Calcium deposition was seen in L-
pNIPAM90-co-HPMA10 (1) and L-pNIPAM (1), with levels increasing following 
incorporation of HAPna (Figure 6.33). Calcium deposition was observed within 
L- pNIPAM90-co-HPMA10 (1) even without HAPna incorporated, following 2 days 
in culture (Figure 6.33), which could possibly be as a result of bigger pore size 
that cells can grow and proliferate within, and change in mechanical properties 
when HPMA was added. Whilst, calcium deposition within L- pNIPAM (1) was 
only observable following 2 weeks in culture (Figure 6.33). 
Interestingly, calcium deposition was detected in acellular hydrogels contained 
HAPna, which could possibly be due to containing synthesised HAPna which 
could act as a focal deposition point for calcium within the culture media. 
Therefore, further investigation was needed to determine if this was the case. 
Raman spectroscopy was used to determine if samples contained free calcium 
or calcium phosphate. However, unfortunately limited sample was available 





Figure 6.33: Histological stains: Alizarin red for calcium deposition, following 2 
days, 2 and 4 weeks. Scale bare 100 μm. 
 
6.6.2.4 Evaluation of collagen deposition within Hydrogel matrix 
Collagen is the main organic component of bone, and gives the flexibility to the 
bones to resistant fracture during daily activities. In this work, collagen 
deposition within extracellular matrix was selected as one of the main signs for 
potential osteoblast differentiation. Masson’s trichrome was used as described 
in chapter two, section 2.5.3, to stain collagen deposition within hMSC 
hydrogels. Collagen deposition was observed within all compositions of 
pNIPAM based Laponite® hydrogel, with increased in deposition intensity as 
HAPna incorporated (Figure 6.34). Surprisingly, positive staining was detected 
in no cell control as HAPna was incorporated (Figure 6.34). 
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For hydrogels that do not contained HAPna, collagen deposition was 
observable in both L-pNIPAM90-co-HPMA10 (1) and L-pNIPAM (1) with 
increased in deposition as a result of adding HPMA, due to increase in pore 
size which leaded to significant increase in the number of live cells (P<0.05). 
 
 
Figure 6.34: Histological stains: Masson's trichrome for collagen deposition, 
following 2 days, 2 and 4 weeks (arrows indicate collagen deposition). Scale 
bare 100 μm. 
 
6.6.3 Immunohistochemical evaluation  
Immunohistochemistry was used to determine expression of cell matrix markers 
collagen type I and osteopontin along with the marker of apoptosis caspase 3 to 





6.6.3.1 Evaluation of dead and live cells within hydrogels 
Caspase3 is an executer caspase involved in induction of apotosis. Caspase 3 
is activated by caspase8 and caspase9 the initiator caspases(20). Thus, 
caspase 3 was utilised to determine induction of apoptosis within hydrogels as a 
proxi measure of cell death. 
Generally, the highest number of live cells was found within L-pNIPAM90-co-
HPMA10 (1), with or without HAPna (Figure 6.35). These findings verified 
metabolic cell activity results and SEM observations. In addition, incorporate of 
0.5mg/ml HAPna was found not to reduce the number of live cells within the 





Figure 6.35: Immunohistochemical detection of caspase 3 marker for live and 
dead cells, following 2 days and 4 weeks (red arrows indicate negative stained 
cells, and black arrows indicate positive stained cells). Scale bare 50 μm. 
247 
 
6.6.3.2 Evaluation of collagen expression 
As mentioned in section 6.6.2.4 collagen is the main organic component of the 
bones, hence further investigation was performed in this study to specifically 
verify synthesis of collagen matrix, within the hydrogel, which was done 
histologically using Masson's trichrome. Collagen type I was selected for 
immunohistochemistry (IHC) investigation for 2 days and 4 weeks in culture as 
the main collagen type found in bone (22). 
In L-pNIPAM90-co-HPMA10 (1)  and L-pNIPAM90-co-HPMA10 hap (1), collagen 
type I was found to be highly expressed by hMSCs harvested directly from 
monolayer culture (~99%), following by significant decrease (p<0.05), in the 
number of immunopositive cells detected after 2 days in culture (Figure 6.36).  
For L-pNIPAM (1) low level of collagen type I was found to be expressed, after 2 
days in culture with further reduction in positive cells after 4 weeks (Figure 6.36). 
However, when HAPna was incorporated into L-pNIPAM (1) an increase in 
immunopositive cells was observed (~58%), after four weeks in culture, with a 
significant decrease in number of cells displaying immunopositivity for collagen 
type I following the first two days (Figure 6.36). 
A noticeable increase in immunopositive cells, when hMSCs was incorporated 
into the hydrogel containing HPMA, when compared to the hydrogel that did not 
contain HPMA. Interestingly, L-pNIPAM90-co-HPMA10 (1) was showed to 
enhance the number of immunopositive cells, either with or without HAPna 
incorporated. However, more matrix staining for collagen type I was seen when 







Figure 6.36: Immunohistochemical detection of collagen type I marker for 
collagen, following 2 days and 4 weeks (arrows indicate stained collagen). 





Figure 6.37: Percentages of Collagen type I immunopositivity following 2 days 
and 4 weeks (*=p ≤ 0.05). 
 
6.6.3.3 Evaluation of osteopontin expression 
Natural bone consists of organic and inorganic components, organic matrix of 
bones consist of multiple components, one of which osteopontin which is 
responsible of cell binding protein(23). Also, Osteopontin is a marker of the late 
phase of mature osteogenesis(7). 
In the current work osteopontin was selected for immunohistochemistry (IHC) 
investigation to assess the osteogenic differentiation capacity of hMSCs 
cultured in different compositions of L-pNIPAM hydrogels. In all studied 
compositions of the hydrogel, osteopontin was shown to be expressed by 
significantly increased number of hMSCs (p<0.05) (Figure 6.39) after 4 weeks in 
culture, except in cells cultured in L-pNIPAM (1), where osteopontin was shown 
to be expressed by a high number of cells following 2 days in culture, before a 
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Figure 6.37: Immunohistochemical detection of osteopontin marker for 
osteopontin, following 2 days and 4 weeks (black arrows indicate positive 
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Figure 6.38: Percentages of osteopontin immunopositivity following 2 days and 
4 weeks (*=p ≤ 0.05). 
 
In the current study, incorporation of HAPna enhanced osteogenic 
differentiation of human mesenchymal stem cells (hMSC). Where, histological 
investigation was performed to assess the matrix deposition of calcium, 
collagen and proteoglycan. In addition, immunohistochemical evaluation for 
collagen, osteopontin and caspase 3 were performed to verify the histological 
findings. 
The obtained results are in agreement with previous results conducted in the 
field of tissue engineering and bone repair(21,24). Dhivya et al studied the 
influence of adding HAPna to chitosan composite hydrogel; which was shown to 
have potential for use as a scaffold for bone repair. They found that, adding 
HAPna to the hydrogel enhanced osteoblast differentiation of hMSCs under 






6.7 Summary  
Adding hydroxyapatite nanoparticles was affected physical and mechanical 
properties of L-pNIPAM hydrogels. Morphology of the hydrogel changed and 
pore sizes generally decreased when HAPna incorporated. The microporous 
structure of the hydrogels was filled by HAPna of <200 nm particle size. 
Therefore, the influence of these particles on the pore size of different hydrogel 
compositions was depending on the original pore size of those compositions as 
synthesised (without HAPna), and considering the small amount of HAPna that 
added (0.5mg/ml) . Where, the lowest impact on the pore size was observed in 
both L-pNIPAM (0.5) and L-pNIPAM90-co-HPA10 (1) that have bigger pore size.  
The mechanical strength of pNIPAM based Laponite® hydrogel increased by 
incorporation of HAPna, due to enhancements of the crosslinking which 
enhances the mechanical strength. Although the water content of hydrogel 
samples was slightly increased by adding HAPna suspension, which may 
adversely impact the mechanical strength of hydrogel in the first instance. 
However, nanoparticles enhanced hydrogel stiffness significantly in L-pNIPAM 
(1) and L-pNIPAM (1.5).  
Swelling and deswelling ratio were restricted when HAPna incorporated, as a 
result of stiffer hydrogel networks formed and the mineral nature of HAPna. 
Equilibrium degree of swelling and deswelling were influenced by adding 
HAPna, due to changes that happen in pore size and the stiffness of L-pNIPAM 
hydrogel. 
Incorporation of HAPna enhanced osteoblast differentiation of hMSCs up to 4 
weeks, where histological and immunohistochemistry investigation showed the 
ability of L-pNIPAM hydrogels, with HAPna incorporated, to induce osteogenic 
differentiation of hMSCs. 
Finally, the positive enhancement of the incorporation of HAPna to hydrogel 
materials has been reported in many studies; improving mechanical strength 
and promoting osteogenic differentiation of human mesenchymal stem cells 
(MSCs). These findings support the supposition that the incorporation of HAPna 
should be considered as an important factor of changing properties and 
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Chapter - 7 
















This thesis aimed to explore the influence of the chemical composition of 
pNIPAM based Laponite® hydrogels on physical and mechanical properties. 
Moreover how the composition can be adjusted to improve the characteristic 
properties enhancing cell viability within the hydrogel structure, with the goal to 
use them as scaffold in dental applications. The work looked in detail at the 
effect of copolymer nature/chemistry and crosslink density on the properties of 
these hydrogels, and how this could impact the cell viability and behaviour 
within their structures. The Thesis was comprised of four results chapters 
(Chapters 3, 4, 5 and 6). 
In chapter 3 the influence of the change of crosslink density, across a small 
range (0.5 -1.5 wt. %) on physical and mechanical properties of L-pNIPAM was 
investigated and the implication of changes in hydrogel properties on cell 
viability and behaviour were explored. SEM data was able to show that an 
increase in crosslink density significantly reduced the measured pore size and 
DMA in compression mode showed significantly increased mechanical stiffness.   
The reduction in pore size was also shown to significantly impact the swelling 
and deswelling ratios. Coupled to this, the final equilibrium swelling degree and 
maximum deswelling degree were dramatically reduced in systematic manner, 
with increased crosslink density.  
Dehydration and rehydration rates were systematically decreased by increasing 
crosslink density, due to a combination of the reduction in pore size and 
changes in the mechanical properties, most notably stiffness. Additionally, 
changes in the hydrogel morphology were shown to change the physical water 
state and water diffusivity as a function of crosslink densities. Both FTIR and 
DSC measurements showed that more bound water was present at higher 
crosslink densities, due to the reduction in pore size leading to a sterically 
closer proximity of the water to the hydrophilic groups on the polymer backbone. 
There was a good correlation between the measurements of bound water using 
DSC and ATR-FTIR, with ATR-FTIR being used in this manner for the first time. 
Changes in crosslink density were also shown to affect cell viability within this 




Chapter 4 was concerned with the concept of incorporating the comonomer 
HEMA into L-pNIPAM hydrogels to make injectable systems with different 
properties to those of L-pNIPAM described in Chapter 3. For these 
compositions the Laponite® concentration was kept at 1% by weight. 
For copolymer compositions with a HEMA concentration above 10% the final 
reacted hydrogel was heterogeneous in nature and did not remain as a stable 
colloidal suspension. Increasing the HEMA concentration in L-pNIPAM95-co-
HEMA5 and L-pNIPAM90-co-HEMA10 had no impact on the measured setting 
temperature (believed to be linked to the LCST) compared to L-pNIPAM, which 
was somewhat counterintuitive, as the perceived wisdom is that increasing the 
hydrophilicity of an amphiphilic copolymer system should raise the LCST.  It 
was postulated that the pendant OH groups on the HEMA units could be 
interacting with the polar groups of the Laponite® platelets effectively shielding 
their hydrophilicity in the colloidal suspension and negating the anticipated 
impact on the setting temperature. When the sample gels to form a hydrogel 
film, these hydrophilic groups are then available for interaction with the 
hydrating media. 
SEM studies showed no statistically significant change in the pore size as a 
function of HEMA concentration. However, increasing HEMA was found to 
reduce mechanical stiffness once 10% of HEMA was incorporated; there was 
no difference in the mechanical properties of L-PNIPAM and L-pNIPAM95-co-
HEMA5. 
Increasing the HEMA content did have an impact on the rates of hydration and 
dehydration due to the enhanced hydrophilicity of the hydrogel as expected. 
The dehydration rate was retarded with increased HEMA content and the 
rehydration rate at 25 ˚C was elevated. Incorporation of HEMA into L-pNIPAM 
hydrogel was shown to systematically increase the bound water fraction, which 
is thought to be due to the increase in the number of hydrophilic polymeric units.  
Most importantly, biocompatibility of L-pNIPAM-co-HEMA hydrogel was 
negatively affected. Hydrogels containing HEMA were shown to be toxic to the 
cells cultured within them structures after 2 weeks. 
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Chapter 5 related to the incorporation of HPMA as a comonomer into L-pNIPAM 
hydrogels. Incorporation of HPMA into L-pNIPAM resulted in a fully injectable L-
pNIPAM-co-HPMA with excellent biocompatibility, as demonstrated by cell 
viability studies, detailed in chapter 5, section 5.3.9, where enhancement to cell 
viability and proliferation of hMSCs was observed.  
Using HPMA as comonomer in L-pNIPAM-co-HPMA was shown to increase the 
pore size (SEM) with increased HPMA content.  Increased HPMA content also 
significantly reduced the measured mechanical stiffness determined using DMA. 
The swelling ratio was reduced and equilibrium swelling degree significantly 
increased, with increased HPMA content, most likely due to the reduction in 
thermo-responsive component in the copolymer.  
The setting temperature, which is related to the coil to globule transition and 
therefore the LCST, was found to reduce significantly by adding HPMA, which is 
counterintuitive as many studies report an increase in the measured LCST with 
increased HPMA content. Once more we postulate that interactions between 
the pendent OH groups and the Laponite® surface may mask the inherent 
hydrophilicity of the HPMA moieties. 
Interesting findings were observed when dehydration and rehydration 
behaviours were monitored; where competition between multiple factors was 
detected, such as; hydrophilicity, sample surface area, mechanical stiffness and 
pore size. However, overall adding HPMA enhanced hydrophilicity of pNIPAM 
based Laponite® injectable hydrogel as dehydration rate decreased initially at 
5% HPMA content, but was increased at 10% HPMA content. Rehydration rates 
followed a more logical trend and were shown to increase as HPMA was added. 
The changes in physical and mechanical properties of L-pNIPAM-co-HPMA 
hydrogels when HPMA was incorporated, lead to enhancements of cell viability 
and increased proliferation of hMSCs.  
Characterisation of L-pNIPAM hydrogels following incorporation of 0.5mg/ml 
HAPna were presented in Chapter 6. HAPna was added to induce osteogenic 
differentiation of hMSC; however the incorporation of HAPna also enhanced the 
mechanical stiffness of L-pNIPAM, by decreasing the pore size of the 
honeycomb like structure. Cell metabolic activity was increased, suggesting 
increased proliferation of hMSC was increased when HPMA was incorporated. 
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Histological staining and immunohistochemistry of matrix depositions were 
performed to investigate type of cells within different formulations of L-pNIPAM 
hydrogels. The results showed an increase in calcium and collagen deposition 
when HPMA was incorporated, and further increases in those matrixes were 
observed as 0.5mg/ml HAPna incorporated. 
The adding of HPMA played an important role in enhancing cell viability and 
increase matrix deposition indicating bone differentiation. Those findings could 
be beneficial to help in cleft palates, where the injection of hydrogel with stem 
cells could result in growing of the palatal bone of cleft margins. However, 
further investigations are needed to find out the suitability of this material to be 
applied in different dental applications. 
 
7.1  Future Work 
The work included in this thesis highlights the range of injectable hydrogels it is 
possible to produce based around the L-pNIPAM motif. There are several areas 
that could be expanded in the future. 
The mechanical properties of hydrogels are known to change as cells grow 
within them and deposit matrix, cells are also known to take their cues from 
mechanical stimuli. It would be valuable to look at the changes in the 
viscoelastic behaviour of pNIPAM hydrogels as a function of chemical 
composition (selecting compositions from chapters 3, 5 and 6) with cells 
contained within them in situ over a period of several weeks. The lab has fairly 
recently acquired a Bose electro-force system, which allows the monitoring of 
viscoelastic behaviour during cell culture. Cells can be maintained within the 
mechanical loading unit and physiologically relevant loads can be programmed 
into the system. It would then be feasible to explore the influence of cells 
proliferation on mechanical properties of different chemical composition of 
pNIPAM hydrogels and also look at the influence of different mechanical stimuli 
(under-loading, over-loading and idealised-loading) on cell viability, proliferation 
and differentiation. 
In this work dehydration and rehydration behaviour studies were conducted at 
temperatures below the LCST of L-pNIPAM. It would be interesting to repeat 
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this study at 37 ˚C, to simulate the human body environment. It would also be 
interesting to perform these studies well above the LCST. It would also, be 
interesting to optimise the experimental steps to perform these studies to try 
and eliminate potential variations in the measurements, such as; designing and 
manufacturing a confined cell holder to generate samples with the same 
thickness.  
It would be interesting to look at the influence that the nature of the hydrating 
medium has on the swelling behaviour of these materials, for example looking 
at salts within the Hofmeister series or using simulated physiological fluids at 37 
˚C. There is a body of literature indicating that changes in the hydrating medium 
can influence the LCST. Other studies in the group have shown that samples 
left immersed in SBS show enhancements in the mechanical properties and 
robustness of L-pNIPAM-co-DMAC, a 37oC setting injectable hydrogel. It would 
be interesting to see the influence that salts may play on the mechanical 
properties of HAPna L-pNIPAM hydrogels. 
Rheological data could be generated for different formulations, as this an 
important property to study for injectable materials. It would be interesting to 
investigate the influence of chemical composition on the viscosity of pNIPAM 
hydrogels, as generally low viscosity hydrogels are preferred. It would be 
interesting to see the influence that T has on viscosity. Ultimately, viscosity 
measurements could be used as additional way to measure LCST, rather than 
being measured manually using a digital thermometer. 
Non injectable formulations of L-pNIPAM based hydrogels, with higher >2% 
crosslink density and lower water contents, could possibly be used in different 
biomedical applications as implant pieces for tougher tissue types in the human 
body or as in vitro 3D culture models. Further investigations need to be 
performed to characterise these formulations, characterising their mechanical 
properties and cell viability. 
Further investigation for formulations of pNIPAM hydrogels containing HEMA, 
are needed, to understand the reason behind the toxicity that was observed 
when hMSCs were cultured within them. There are various characterisation 
tools that could be used, for example real time ATR-FTIR; where double bonds 
261 
 
can be monitored during the polymerisation reaction. Other tools such as DSC 
may be able to ascertain the presence or otherwise of reactive monomer.   
L-pNIPAM-co-HPMA hydrogel showed improvements such as; surface 
wettability, bigger pore size and faster rehydration than L-pNIPAM. These 
improvements enhanced cell viability and proliferation of hMSCs when cultured 
within its structure. Therefore long term viability and differentiation studies could 
be used in addition to immunohistochemistry assessment. Protein expression 
markers of late stage of chondrocyte hypertrophy, such as collagen type X. 
Osteogenic differentiation markers such as runx2 and osteopontin would be 
monitored to verify our findings that indicated an increase in cell viability of 
hMSCs within this material. 
The influence of adding HPMA into pNIPAM hydrogels on the LCST of L-
pNIPAM-co-HPMA, was found to be unexpected compared with results reported 
in the literature. Generally when more hydrophilic comonomer is added, this 
elevates LCST of pNIPAM hydrogels. However, in these pNIPAM based 
Laponite® hydrogel systems the LCST was reduced when HPMA was added. 
Therefore, extensive investigation should be performed to understand the 
different mechanism by which these hydrogels are forming. It may be useful to 
conduct experiments looking at polymerisation and setting using DLS and other 
scattering techniques. 
 
